Specific protien synthesis using subcellular bacterial preparations by Robinson, Jeffrey
Specific Protein Synthesis Using Subcellular 
Bacterial Preparations 
by 
Jeffrey hilliam Robinson 
Department of Zoology. 
Thesis presented for the degree of Doctor of Philosophy 






Methods • • . . . . . . . . . . . . . . . . . . . *.**14 
Results • • • • • , , • • • • • • , • • • • • • • , .22 
Discussion ......................33 
Summary • , • . . . . . . . . . . . . . . . . . . . . . .45 
References , • ••• , , • • , • • • , • , • • .48 
Part II 
I ntrc: uction , , , • • • , • • • , • • • . . . . . .55 





Acknowledgements ...... . . ...... . .. 1.91 
PREFACE 
'A dusk mis-teaturL 	.cnger, 
No other than the angel uf this life, 
Whose care is lest men see too much at once.' 
(The Ring and the Book, Robert Browning.) 
The discovery by Nirenberg and Matthaei in 1961 of a 
stable bacterial cell-free extract which incorporated amino 
acids in response to a given template stimulated much work 
on the in vitro translation of synthetic and natural nucleic 
acids. 	:tudles on the translation of synthetic polyrib.- 
nucleotide In the cell-free system have contributed greatly 
to the elucidation of the genetic code and the mechanisms 
involved In protein synthesis. 	However, the only naturally 
occurring RNA message which makes recognisable proteins in 
the cell-free system is the RNA genoJne of small RNA-bacterio-
phages specific for Eacherichia coli. 
This thesis concerns the use of an E. coil cell-free system 
to study the translation of the genome of the RNA bacteriophage 
ZIK/i, and for the characterisation of polypeptides produced 
by the direct translation of single-stranded DNA isolated from 
a fast-renaturing fraction of rodent DNA. 	Part I represents 
work carried out In the period 1964-67 and klart II that in the 
period 1967-69. 
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The discovery of the RNA bacteriophage f2 by Loeb and 
Zinder in 1961 was followed by the isolation of several similar 
phages all specific for Escherichia coil F 4 and IIfr strains: 
MS2 (Davis, Strauss & Sinsheimer, 1961); Rh (Paranchych & 
Graham, 1962); fr (Marvin & Hoffmann-Berling, 1963); M12 
(Hofechneider, 1963); ZIK/1 and others (Bradley, 1964a). 
Electron microscope studies have shown RNA bacteriophages to be 
hexagonal in outline and approximately 225 A in diameter 
(Bradley, 1964b). 	They are probably in the form of icosahedra 
made up of 92 morphological sub-units or capsomeres which form 
a capsid surrounding the RNA core (Bradley, 1964b, 1967). zIK/l 
appears to possess a 20 A 'pore' in the capsid but the function 
of this is unknown (Bradley, 1964b, 1967). 	The particle weight 
of RNA phages is 3.5-4.5 x 10  (Strauss & Sinsheimer, 1963; 
Marvin & Hoffmann-Berlirig, 1963) and about 75, of this is 
protein. 	The genome is a single strand of RNA of molecular 
weight 1.1 x 10  (Strauss & Sinsheimer, 1963; Mitra, Enger & 
Kaesberg, 1963; Gesteland & Boedtker, 1964). 
RNA bacteriophages are morphologically similar and some of 
them have been shown to be serologically related (Bishop & 
Bradley, 1964; Scott, 1965). 	However, there are differences 
in the base compositions of bacteriophage RNA (Table 1) and in 
the amino acid composition of the Coat proteins (Table 2). 	It 
would appear from the GC-content of phage 	\ (Tabl. 1) that the 
RNA bacteriophages can be divided into two groups: (a) zIK/1, ZJ/l 
and (3, (b) all others. 	The amino acid composition of QA coat 
protein differs from that of other phages (Table 2); it will be 
interesting to see if ZIK/l coat protein resembles that of Q3, 
and whether or not there are translational differences between 
ZIK/l and other phages. 
Early studies on phage growth showed that it is independent 
of DNA synthesis (Cooper & Zinder, 1962; Hofachnelder, 1963) 
and that there is no base sequence homology between phage RNA 
and host DNA (Doi & Spiegelman, 1962). 	Protein synthesis early 
In infection is necessary for phage growth (Cooper & Zinder, 
1983; Paranchych & Ellis, 1964) and this observatiw. led to 
the discovery that one or more phage-specific RNA-synthesising 
enzymes are produced soon after infection (veissmann, Simon & 
Ochoa, 1963; August, Cooper, Shapiro & Zlnder, 1963; Haruna, 
Nozu, (-, htaka & Spiegelman, 1963). 	This enzyme has been referred 
tc a the phage RNA synthetase, replicase or polymerase; the 
1st 	term will be used here. 
Purified QP RNA-polymerase can generate identical copies 
of template RNA in vitro (spiegelinan, Haruna, Holland, Beaudreau 
& Mills, 1965). 	The enzyme is specific for QP RNA and is 
inactive with RNA from other phages (Haruna & Spiegelnian, 1965a) 
although some activity is shown with synthetic ribopolynucleo-
tides containing cytidine (ion, Eoyang, Banerjee & August, 
Table 1. 	Base composition of bacteriophage RNA. 
Phage Mole ;e f. 
A C G U (o+c) 
Q3 22.1 24.7 2397 29.1 48.4  
ZIK/1 23.6 24.2 23.9 28,3 48.1  
zJ/i 24.3 23.7 23.8 28.2 47.5 (b) 
zC 25.1 24.0 27.2 23.7 51.2 (b) 
ZS/3 24.8 23.8 28.0 23,4 51 1 8 (b) 
ZL/3 24.8 24.9 26,9 23.4 51.8 (b) 
czlS 24.7 25.0 26.3 24.0 5113 (b) 
MS2 22.8 24.9 27.1 25,2 52.0  
R17 22.6 4.8 27.1 25,5 51 1 9  
12 22,1 26.8 25.9 25.1 52.7  
fr 24.3 24,9 27,1 23.7 5210 (1) 
23.2 25.6 27.0 24.0 52.6 (g) 
Overby, Barlow, Doi, Jacob & Spiegelman (1966). 
Bishop & Bradley (1965), 
Strauss & Slnsheimer (1963). 
Paranchych & Graham (1962). 
(a) Loeb & Zinder (1961). 
Mnrvin & Hoffmann-Berling (1963). 
Nonoyaia, Yuki & Ikeda (1963). 
Table 2. Amino acid composition of RNA phage coat proteins. 
Moles amino acid per protein molecule 
R17 M12 t2 MS2 Q3 fr R23 A-protein 
Gly 9 1 9 9.8 1.9 10.1 7.8 10.2 12 30 
Ala 15.1 1511 15.0 15.0 14.7 17.4 14 36 
Vai. 15.0 1510 15.1 15,2 12.4 17.9 13 28 
Leu 7.5 7.2 8 1 6 7.4 10 1 0 6.0 7 32 
Ile 8.3 8.1 8 1 1 812 3,9 6.7 9 15 
Ser 12,8 12.9 1312 13.1 1011 12.5 11 30 
Thr 9.1 9.2 9 0 2 912 11.6 10.1 8 22 
Asp 15.4 15.1 14.9 15.3 13.2 16 1 8 15 30 
Glu 1019 11.6 1.0 12.0 11.6 12.2 10 30 
Phe 4.1 4.0 4,3 4,3 2.3 5 0 5 4 14 
Tyr 4.0 3.9 4.1 4.1 311 4.8 4 13 
Trp 2 2 NA 2 - 2 2 NA 
Cys 2 2 NA 1.4 1 1 5 2 NA NA 
Met 2.0 119 1 1 0 2.0 018 1.5 2 5 
Pro (3.0 1 6,3 6.4 7.0 5,4 6 16 
Lys 7.2 6.2 6.0 6.0 7.8 7.0 5 16 
His - - - - - - - 5 
Arg 4.0 4.0 4.3 4.4 7.0 4.0 4 25 
Tot 135.3 134.1 132.0 136.7 124.8 142.0 126 347 
Ref. (a) (a) (b) (b) (c) (d) (e) (f) 
Enger & Kaesberg (1965). 
Lin, Tsung & Fraenkel-COnrat (1967). 
Overby, et al. (1966); based on 15,500 molecular weight. 
Wjttma nn-Lie bold (1965). 
b%atanabe,Vatanabe & Au.gust (1968). 
Steitz (1968b) 
-3- 
1967). 	ANA from those RNA phages which have been examined 
contains cytidine in the 3'- rminus and the dissimilarity of 
the 3'-terminal sequences from the fifth base onwards Is 
consistent with the idea that the phage polymerase recognises 
a specific sequence near the 3 t -terminus of the RNA (Dahlberg, 
1968). 	It is probable that the secondary structure of the 
RNA is also involved in recognition because fragments of RNA 
are not replicated in vitro (Haruna & Spiegeiman, 1965b). 
The first event in replication in the infected cell is 
the conversion of parental RNA plus strands to a double-
stranded form by synthesis of complementary minus strands 
(Weissmann & Borst, 1963; Weissmann, Borst, Burdon, Billeter 
& Ochoa, 1964a,b; Kelly & Sinsheimer, 1964; Erikson, Fenwick 
& Franklin, 1964; Nonoyama & Ikeda, 1964; Kaerner & Hoffmann-
Berling, 1964; Amman, Delius & Hofachneider, 1964; Bishop, 
1966b). 	This double-stranded form then acts as a template for 
the synthesis of progeny plus strands (Weissmann, et al., 1964b). 
Replicative Intermediate complexes consisting of double-stranded 
RNA and nascent chains have been isolated from Infected cells 
(Francke & Hofschnelder, 1966; Franklin, 1966). 	At one time 
it seemed that bacteriophage QP might have a different method 
of replicating RNA because Haruna and Spiegelman (1966) were 
unable to detect complementary minus strands in vitro with 
Q3 RNA. 	}Ioever, this observation was shown to be incorrect 
when complete minus strands were detected In the Qf3 polymerase 
-4- 
reaction using hybridisation techniques (Weissmann & FeIX, 1966; 
Feix, Slor & Weissmann, 1967). 	Eventually, Spiegelman and his 
group were able to confirm these results using polyacrylamide 
gel electrophoresis to analyse RNA complexes formed in vitro 
(Bishop, Claybrook, Pace & Spiegelman, 1967; Pace, Bishop & 
Splegelman, 1967). 
The method of replication of bacteriophage RNA is well 
established although there are some questions which remain 
unanswered. 	Thus, it is not known whether the plus and minus 
strands exist as a double-helical molecule or as a non-helical 
complex. 	It has been suggested that double-stranded RNA is 
an artefact of phenolic isolation (Borst & Weissmann, 1965) 
and the demonstration that double-stranded phage RNA has no 
template activity in vitro unless it is denatured ('ieiasmann, 
Feix, Slor & Pollet, 1967) provides support for this theory. 
Minus strands direct the synthesis of infective plus strands 
In vitro (Feix, Pollet & teissmann, 1968) and the polymerase 
primed with denatured double-stranded phage RNA uses the minus 
strand preferentially as a template for the synthesis of plus 
strands (YQeissmann, et al,, 1967). 	Therefore, in the infected 
cell the minus strand appears to be held in a non-helical 
complex with the plus strand, possibly by the polymerase, and 
acts as a single-stranded template for the synthesis of progeny 
plus strands, 
Measurement of RNA synthesis in phage-infected cells in 
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the presence of chloramphenicol indicates that two phag-
specific proteins are necessary for the synthesis of 
infective phage RNA (Delius & Hofschneider, 1964). 	Weissmann 
(1965) has presented evidence that a phage-induced enzyme 
other than the polymerase is responsible for the synthesis of 
complementary minus strands. 	Events occurring after infection 
with wild-type phage and ith a temperature-sensitive mutant 
indicate that two enzymes are necessary for phage RNA synthesis, 
one synthesising minus strands and the other synthesising 
progeny plus strands (Lodish & Zinder, 1966a). 	Although more 
than one enzyme appears to be required for the synthesis of 
Infective RNA It has not been possible to separate two discrete 
synthetic reactions in vitro. 	Nevertheless, Splegelman and 
Eikhom (1967) have dissociated purified QP RNA polymerase into 
a heavy and a light component by sucrose gradient centrifugation. 
Whereas both components are needed to synthesise QP RNA from a 
phage RNA template in vitro, the heavy component shows a 
remarkable ability to synthesise poly-G when supplied with a 
poly-C template (spiegelman & Elkhom, 1967). 	The light component 
has no synthetic ability and has been found in uninfected as 
well as 2hnge-infected E. coil (Eikhom, Stockley & Spiegelman, 
1968). 	August and his group have reported that the heavy 
component Is the QP polymerase and they have isolated a 
component from infected and uninfected cells which is required 
in addition to the polymerase for activity with QP RN\ (Franze 
me 
de Fernandez, Coyang & August, 1967). 	This component apears 
to be different from the Spie 1man light component and is 
made up of two factors; one Is heat-stable and has a molecular 
weight of 70,000 9 and the other is heat-labile with a molecular 
weight of 40,000 (Franze de Fernandez, et al., 1987). 	There 
is no evidence that either of these factors is associated with 
the polymerase and their function is unknown. 	However, it 
would appear that replication of phage RNA is more complex than 
was thought and that the host cell plays some part In the process. 
The RNA phage genome contains Information for at least the 
polymerase and the phage coat protein. 	Analysis of RNA phage 
mutants has shown that these fall into three classes (Horiuchi, 
Lodish & Zinder, 1966; Gussin, 1966; Tooze & Weber, 1967). 
The smallest group, C-cistron mutants are unable to make the RNA 
polymerase; B-cistron mutants have defective coat protein and 
the largest group, A-cistron mutants are unable to synthesise 
the A-protein. 	The phage genome therefore codes for at least 
three proteins. 
The \-clstron product is required for Droduction of 
infective phage particles (Lodish, Uoriuchi & Zinder, 1965; 
Heisenberg & Blessing, 1965; Argetsinger & Gussin, 1966). 
A-clstron mutants make defective particles which appear similar 
to intact phage in the electron microscope but they do not 
adsorb to the host cell and contain degraded RNA (Engelhardt 
& Zinder, 1964; Lodish, et al., 1965; Heisenberg & Blessing, 
1965). 	When A-cistron mutants are grown in the absence of 
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ribonuclease I the defective particles c tain infective RN.\ 
(Argetsinger & Cussin, 1966; Heisenberg, 1966). 	The mutation 
occurs in a late functioning gene and interruption of protein 
synthesis late in Infection, In a cell infected with wild-type 
phage, results in the production of non-infective particles 
similar to the mutant particles (Lodish, et al., 1965). 	A- 
protein appears to be involved in the assembly of RNA and coat 
protein into infective phage rather than RNA synthesis, and 
therefore has been referred to as the maturation protein, 
A-protein has been identified, using polyacrylamide gel 
electro-phoresis, in extracts of actinomycin-treated E. coil 
infected with RNA phage (Nathans, Oeschger, Eggen & Shimura, 
1966; Vinuela, Aigranati & Ochoa, 1967; Vinuela, Algranati, 
Feix, Garwes, \eissmann & Ochoa, 1968). 	Wild-type phage Rh 
labelled with histidine conains one major polypeptide which 
co-electrophoreses with the A-cistron product extracted from 
actinomycin-treated Infected cells (Steitz, 1968a) and small 
quantities of an identical component have been detected In 
phage MS2 labelled with an amino acid mixture (Nathana, et al., 
1966; Vinuela, et al., 1968). 	This protein is absent from 
uninfective particles produced by growth of A-cistron amber 
mutants in non-permissive hosts, and appears to be a single 
polypeptide chain of molecular weight 35-40,000 (Steitz, 1968a). 
Four molecules of hiatidine are associated with each wild-type 
phage particle (Steitz, 1988b) and It is clear from the composi-
tion of .'-protein (Table 2) that there is a limited number of 
Aprotein molecules per phage, 	Reconstitution of infective 
phage from coat protein, A-p'iten and RNA, indicates that there 
Is one -: rotein molecule per phage (toberts & Steitz,, 1967) 
but the exact function remains unknown. 
Studies on protein synthesis in RNA phage-infected  
treated with actinomycin D to block host RNA synthesis, have 
shown that under these conditions at least three phage-specific 
proteins are made (Ilaywood & Sinsheliner, 1965; Nathans, et al., 
1966; Vinuela, Aigranati & Ochoa, 1967; Vinuela, et al., 1968). 
One has been ident.Y'i' 0 as the coat protein and the others as 
the A-protein and 	-,ulymerase (Nathans, et al., 1968; 
Vinuela, et al., 196). 	I. fourth protein has been detected in 
variable amounts in infected cells treated with actinomycin, but 
It has not been identified (Nathans, et al., 1966), 	1hage yield 
Is greatly depressed in the presence of actinomycin (Lunt & 
Sinsheimer, 1966; Haywood & Harris, 1966; Oeschger & Nathans, 
1966; Vinuela, Algranat.l & Ochoa, 1967) and aberrant forms of 
phage R1"A are produced (Kelly, Gould & Slnstteimer, 1965). 
Protein synthesised in Infected cells treated with actinomycin, 
contains a higher histidine to leucine ratio than would be 
expected if coat protein is produced in large excess over non-
coat proteins (Haywood & Sinsheimer, 1965). 	This suggests 
that coat protein synthesis is reduced, possibly because of 
Inhibition of progeny RNA synthesis (Ilaywood & Harris, 1966). 
Thus, actinomycin affects the relative amounts of each phage 
protein made in the infected cell and rn 	Interfere witi phage- 
specific regulatory mechanisms. 
The observation that the enzyme necessary for phage RNA 
synthesis is made early in Infection (Cooper & Zinder, 1963; 
Lodish, Cooper & Zlnder, 1964) Indicates that the phage genome 
acts directly as a message for at least the synthesis of 
polymerase. 	Phage RNA is an effective template In the E. coil 
cell-free system, directing the synthesis of coat protein and 
several histidine-containing non-coat polypeptidee (Nathans, 
Notani, Schwartz & zlnder, 1962; Ohtaka & Spiegelman, 1963; 
NattarLs, 1965; Capecchi, 1986; Eggen, Oeschger & Nath3ns, 
1967; Vinuela, : ,, alas & Ochoa, 1987). 	Coat protein, which Is 
the major product, has been identified by finger-printing the 
In vitro product (Nathans, et a1, 1962) and by co-chromatography 
or co-electrophoresis of th in vitro product with purified coat 
protein (Ohtaka & Splegelman, 1963; Nathans, 1985; Eggen, et 
al., 1967; VInuela, Salas & Ochoa, 1967; Suglyama & Nakada, 
1967). 	Capecchl (1986) has shown that two products are 
resolved on sucrose gradients; one is the coat protein and the 
other which Is absent when RNA from a C-clstron mutant is used 
as a template in vitro, has been identified as the RNA polymerase. 
Recently, three phage proteins and minor polypeptides have been 
detected when phage RNA is translated In the cell-free system 
(Lodish, 1968b). 	However, the number of proteins produced 
In vitro Is not known definitely. 
-10.. 
Infection of non-permissive cells by the coat protein 
mutant sus-11 results in normal synthesis of phage RNA 
whereas phage polymerase is made in abnormally large amounts 
and little coat protein is synthesised (Lodish & Zinder, 
1966b). 	The cessation of polymerase synthesis that occurs 
in cells infected with wild-type phage appears to be dependent 
upon Coat protein synthesis and Lodish and Zinder (1966b) 
have suggested that coat protein acts as a translational 
rrr<or. 	ruppor t for this hypothesis came when it was 
so ' vn tlt Coat protein and phage RNA can form complexes 
(Suglyama, Hebert & Hartman, 1967) which have reduced template 
activity in vitro compared with non-cornplexed phage RNA 
(Sugiyama & Nakada, 1987, 1968). 	A similar result has been 
obtained by other workers ustn; different phages (Eggen & 
Nathans, 1969; V.ard, Strand & Valentine, 1968). 	It appears 
that Coat protein selectively reduces the synthesi3 of non- 
coat protein (sugiyama & Nakada, 1968). 	Recently, it has 
been shown that binding of 20 molecules of coat protein per 
molecule of phage RNA results I complete loss of polymerase 
synthesis whereas A-protein synthesis is unaffected (Lodish, 
1968c). 	Thus, coat protein acts as a specific inhibitor of 
polymerase synthesis, 
r:•perirnents on the in vitro tr1151atiun of nulti-sr.uded 
Isolated from bacteriophage f2-Infected cells show that Coat 
protein is the only product of these molecules (Engelhardt, 
-11- 
Robertson & Zinder, 1968). 	Template activity is independent of 
the length of the nascent RNA chain and this suggests that doub a - 
stranded RNA has the coat cistron In a translatable position, 
Therefore, it has been postulated that protein synthesis late 
In Infection, Is directed mainly by these double-stranded 
molecules and that coat protein regulates translation by 
encapsulation of single-stranded RNA into phage particles 
(Engelhardt, et al., 1968). 	hen coat protein is mixed with 
phage RNA containing single and double strands in the ratio 8:1, 
the protein binds preferentially to the double-stranded RNA 
(Robertson, Webster & Zinder, 1968). 	Robertson and his associates 
propose that double-stranded RNA molecules are able to bind 
Coat protein monomers to create a differential rate of RNA 
synthesis between the end of the nascent RNA chain containing 
the coat cistron, and the remaining part of the chain. 	Thus, 
in a ay act as a repressor at the level of transcription 
as well as 	rans1atjon (Robertson, et al., 1968). 
A))Sed regulatory mechanisms involving doubi-
stranded phage RNA are open to the abjection that this furm of 
phage RNA may not exist as such in the infected cell azid may 
be produced by deproteinisatlon during Isolation (Borst & 
Welssmann, 1965), 	Ithilst double-stranded RNA is associated 
with polyribosomes in infected cells (Godson & Sinsheimer, 
1987; Hotham-Iglewaki & Franklin, 1967; Iglewaki & Franklin, 
1968; Godson, 1968) most of the single-stranded progeny RNA 
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is found in polyriboomes and even at lysis many progeny RNA 
strands are not encapsulated robably remaining in association 
with ribosoines (Godson, 1968). 	It is difficult to equate this 
finding with the proposed mechanisms. 	The hypotheses regarding 
control of phage-specific protein synthesis are based largely 
on in vitro experiments and it is not known whether any of these 
mechanisms opek ate in the infected cell. 	Although the method 
of repiLcation is probably the sa..e for all 	phages they 
appear to vary in their effect on host metabolism: f2 and MS2 
have little or no effect on host protein or RNA synthesis 
(zinder, 1965; Lodish & Zinder, 1966b), some Inhibition is 
observed v.ith 1(17 (Ellis & Paranchych, 1963) and ZIK/l (Bishop, 
1965), and 1(23 inhibits host RNA and protein synthesis 
completely (atanabe, Watanabe & August, 1968). 	It is possible 
that these different degrees of inhibition represent variations 
in replicative efficiency but they may reflect differences in 
phage-specific control mechanisms. 
The reasons for undertaking the work described herein 
were: first, to determine whether synthesis of coat, and other 
proteins could be detected in cell-free extracts of L, coli. in 
the presence of RNA from bacteriophage ZIK/l, a phage which 
differs fron others (Bishop, 1966a). 	Second, to compare 
phage-specific protein synthesis in vitro with that In the 
infected cell in the hope that some information might h 
gained on control mechanisms and the order of the cistrons in 
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the phage genorne. 	In view or the inhibitory effect of 
actinovaycin, this has not been used to block host synthesis 
and experiments on in vivo protein synthesis have been 
performed in the absence of inhibitor so that a valid 
comparison can be made between in vitro and in vivo protein 
synthesis. 	Third, to determine toe properties of IK/1 
Coat protein necessary for its identification, and to compare 
the coat protein with those of other kNA phages. 
Culture and urificati 	f 
Bacterio 	iioCula o:' high titre erc prepared ind 
assayed for L.uc-formiflg units by the double-layer agar 
plating technique as described by Adams (1959). 
For large-scale cultures of bacteriophage ZIK/l, 250 ml. 
of an overnight culture of E. cold C3000/L were added to 5 1. 
of nutrient broth (1.3% w/v) containing I ni1 the 
culture was incubated at 370 .th vigorous 	t.:. 	un the 
concentration of bacteria reached 2 x 10 cells/mi. 10 
bacteriophages in approximately SO ml. of nutrient broth were 
added and the culture was shaken for a further 2.5 hr, 
Unlysed bacteria and debris were removed from the culture by 
Cont1fluOU5flOV centrifugation at 10,000g in a Griffin-christ 
centrifu. • 	= )() g. of (N11 4 .i 2504 .ere dissolved in the 
supernut- 	his was allowed to stand overnight at 20. 
The precipitate which formed was recovered by decanting most 
of the liquid and centrifuging the remainder at 12,000g and 
40 for 10 mm. 	The pellets were ho e:eiL;ud with 40 ml. 
0.01 :-trls-BCi . 7.2 ui:iu. 	0.1 : -... d and di3lycd at 
20 for 24 hr. :j I 	 . 	the same buffer with three 
changes of 11id. 	Insoluble material was removed by centrifuga- 
tion at 12,000 for 20 mm. z1 the supernatant ws 	un for 
3 hr. at 100,000g and 20  in an 	 'uurspeed' cen ifue. 
The supernatants were discarded and the pellets homogenised 
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in 5 ml, tris-NaC1 buffer contalnin 1 mM-EDTA. 	0.55 S. 
CsCl per g. of suspension was added to give a density of 1.38 
-3 	 0 
g0 cme and the mixture was centrifuged at 100,000g and 4 
for 20 hr. in an M.S.E. centrifuge (Spinco 40-type rotor). 
The bacteriophage band was removed with a syringe and the CsCI 
density-gradient centrifugation step repeated. 	The purified 
bacteriophage suspension was diluted with 0.01 M-tris-HCL 
pH 7.2 and centrifuged at 100,000g for 3 hr. 	Homogenisation 
of the pellets with 0.1 M-tris-HC1 pH 7.2 completed the 
purification. 
Preparation of [H]valine-1abe1led bacteriophages. 
A 200 ml. culture of E. coil C3000/L In nutrient broth 
was incubated with shaking at 370, hen the concentration 
of bacteria reached 2 x 10 8/ml. 2001.c, 0f[3HJ-IJL-valine (405 
me/rn-mole) were added. 5 mm, later 4 x loll  bacteriophages 
and 0.4 ml, 0.1 -CaC1 2 were added. Incubation was continued 
for 3 hr. and then the culture was centrifuged at 12,000g for 
20 mm. to remove debris. The supernatant was removed and 
centrifuged at 100,000g for 3 hr. 	Ilomogenisatlon of the 
pellets and CsCl equilibrium density-gradient centrifugatlone 
were carried out as described above. 
Isolation of Bacteriophage ZIK/l Coat irotein. 
Coat protein was extracted by degradation of purified 
bacteriophages with acetic acid ii a manner similar to that 
described by Fraenkel-Conrat (1957). 	2 vol. of glacial acetic 
-1 - 
acid was adcerJ !r :vise to a cold suspension of bactertopage 
(1-10 mg/ml.). 	The mixture 	tirred for 30 miii, at 20 
and the precipitate removed by centrifugation. 	The supernatant 
Contr'tr' t1i coat protein was dialysed against several 
ch 	 M-tris-'HCl p118,5 L 
0  for 48 hr. 
EXtA. LL 	. : acteriophcge ZIK/l RNA. 
1.0 ml, bacteriophage suspension (1-10 mg/ml.) was mixed 
• 	.. 	(w/v) sodium dodecyl sulphate for S min. at 
ru. temp-i 	 10 rig. bei'it.onite prepared accordiu to 
the method of Fraenkel-Conrat, Singer & Tsugita (1961), was 
added and the mixture shaken at 2 with an equal volume of 
redistilled phenol saturated vAth 0.1 -tris-HCl pH 7.. 
The phases were separated by centnifu, 	tn at 6000 und 
the aqueous layer extracted with 0. v 1 . ' phenol. The 
phenol layers were in tiiri ,  
tnls-HC1 p11 7.2. ii .• '. 
2 vo' • cold eth no. ded, and the mixture left to stand 
in i 	:or 30 ni • 	'e RNA precipitate Was centrifuged down, 
dissolved in 1 ml. 0,01 - 	-UCI p11 7.2 and reprecipitated 
with etano1. 	The pel 	. dissolved in 1 ml. tris buffer 
and dialyse 	ist the same solvent for 16 hr. at 20. 	1NA 
was stored 	 and assayed for infectivity usingprotopi.ast.s 
P! , 	-. c1i C3000/L as described by Strauss (1964). 
Pr:AL 	El']i111d i rote1ns from Infected Cells. 
A Cult - L, of E. c].i C3000/1. in nutrient broth containing 
-17- 
was infected with bnctr;r 	 1K/1 at a 
ri 
OL  
• 	.:/mi. 	Amino ac.LL. I.corporation was measured in 1 ml, 
s. 	y precipitating the sample- with an equal volume of 
10;-,' (w/v) trichioroacetic acid and collecting the precipitate 
on an Oxoid membrane filter (20 mm. diameter). 	The filter 
was A'; 	d at 900  for 30 mm, in 5; (w/v) trlcl:loroacetic acid, 
washed several times with 5 (w/v) trichioroacetic acid, dried 
in an oven at 400,  placed in a scintillation vial and the 
radioactivity determined. 
Labelled proteins were extracted from samples of 2-5 ti, 
which were disintegrated at 20  for 30 sec, with a Dawe 
Sonlprobe. 	An equal volume of 10, (w/v) trichloroacetic acid 
was added, the mixture allowed to stand in ice for 30 main, and 
the precipitate collected by centrilugatlon. 	The precipitate 
was suspended in 5, (w/v) t.richloroacetic acid, heated at 90 
for 20 mm., recentrifuged, washed twice with 5% (w/v) trichloro-
acetic acid, twice with ethanol-ether (1:1) and once with ether. 
The dry j 	 ;ed at _200. 
Prepar 	 [. --.] -' T 1 1  
- 	 [ 
i 	it.z (1959). 	The reaction m1xtu 	ined in a total 
volume of 8 ml. : 10 jimoles MgC1 2 , 50 jAmoles acetyiphosphate, 
250 io aS tr 	v.5, 1.1 j tmoles 2mercaptoethano1, 2 nio1es 
AT!', 	Hto1e [ ] 	, 40 units acetokinase (prepared as 
described by 	i.i55), 0.05 ml. nucleotide dI.phospbate 
kinase (prepared from brewer's top yeast as described by Berg 
& Jokiik, 1954) and 0.05 ml. C. ,- 	ase, 	The mixture was 
Incubated at 37 ° for 2 hr., di 	. 	to 25 ml, with water and 
appli 	1. x 10 cm. column of Dowex 1 (8% cross-linked) 
resin,[1 	 The column was washed with 30 ml. 0.1 
M-NH4HCO 3 p11 8.0 and eluted with a 200 ml, gradient of 0.1-0.8 
M-NH4HCO 3 p11 8.0 	 hum, 1961) in 5 ml. fracti. 
Fractions Containi... 	] - 	were combined and reduced 
5 ml. in VaCUO anu ail.. 	Lj a coi.wiin of septiadex G-lQ 
(Si 	cd..) 	.. cater. 	Tltc; c 
i'.. ctt: cJntainik, 	 ..- 
ri 	— .•. 	 :.. 	 [ 	] 	wab.A - oximate1y 2,5 
- 	 .: 	 .. counts per min./moie. 
Po1yacry1amidi :;eL J.ctrhorcsis. 
PoJ.ypeptides v.er dissolved in 0.01 M-Na 2 IM- - 	2 PO4 
p11 7.2 containing 1% (w/v) sodium dodecyl sulphat.L 
dl.LUiothreltol (1 mg/mi.) and incubated at 600  for 1 hr. 
50-100 ii. samples were mixed wIth 0.2 vol. 1 — crose 
contain1n 0.01, brQmophenol blue and appliec 	lumns of 
polyacrylar, 	l (8 x 0.6 Cr..) 	 tubes. 	The 
contained 7.5 (w/v) ocrylami'e, J.2% bis-acrylarnide, 0.1 
ammoniur: 	:ulphate, 0 . 	 nuethy1ethylenediamine, 
0.1, 	':'. ;L.'ecyl su1. 	, 	- 	4-Nall 2 PO 4 p11 7. 2, and 
1 n- )TA. 	1ectrophoresis was carrid out at a potential. of 
5 V/Cm. for 2.5-3.5 hr. using a buffer containing 0.1 -:o5phate 
p11 7.2 :ind 0.1., sodium dodecyl sulphate (under the... 	tions 
proteLls mirate towards the cathode). 	Gels were p: - 	for 
1 r. ..fore application of tho -mp1c. 
After electrophoresis the position of the bromophenol blue 
marker band was measured by scanning the gel with a Chromo;can 
densitometer. 	The gels were then fractioned into 1 mm. slices 
using a razor blade and grooved block with transverse Cuts at mm. 
Intervals. 	Each slice was placed in a scintillation vial and 
ailove 	t:ud for 1 	. 	. 	1. 0,L6 sodium dodecyl 
ulphnt • 	ml. of Klv 	. . 	1llation fluid (Kinard, 1057) 
was added to each vial and the radioactivity determines 
Preparat. ,, i of E. colt cell-free e::; -!cts. 
o 	. coli ..ii 	prepared by a s1i.t 
modification o: the method of Nirenbcrg & Matthaei (1961). 
10 g. frozen cell, paste was ground with 2 parts of alumina 
and extracted With 40 ml. of 0. -trls-HCI pH 7.: , cunt 
0.01 	:nesiva acetate, 0.06 -.. 	and 0.006  
t:: .:,iiol. 	.Lris and alumin. 	removed by centrifuutin 
at 1. ,000g and 20  for 15 min e and the supernatant was 
-20- 
centrifuged at 30,000g for 30 mm. 	This supernatant (S30) 
was dialysed against the above buffer for 16 hr. at 00  and 
stored In aliquots at _200. 	S100 supernatant and ribosomes 
were prepared from undlalysed S30 by centrifugation at 105 9 000g 
for 3 hr. at 20. 	Ribosomes were suspended in tris-magnesium 
acetate-NH 4C1-merCaptOethaf101 buffer pH 7.2, and dialysed 
against the same buffer as described. 	S100 was dialysed against 
buffer with NH4C1 omitted. 	Ribosomes and S100 were stored in 
aliquots at -20g . 	Protein concentration was measured by 
the method of Lowry, Rosebrough, Farr & Randall (1951). 
Measurement of po1ypetide synthesis in E. coil cell-free 
extracts. 
Reactions were carried out In volumes of 0.1-1.0 ml. 
at 370• 	The incubation mixture contained per m1.: 50 lkmoles 
tris-HC1 (pH 8.1) 9 10 pmoles magnesium acetate, 50 gmoles 
NH4CI, 10 .imoles of glutathtone, 0.2 imole GTP, 1.0 jimole 
ATP, 5.0 moles phosphoenolpyruVate, 20 pg, pyruvate- 
kinase , 1-2 mg. 30 	ro Lel ii aiid 	29-1.00 	.g. 	lL/l RNA, 	13-20 
mmoIes it' 	a [' n c]- or [H]-1:bei.l mo 	cid 	-rid 20 	m'.u1es 
of each unlabelled amino acid. 
Amino acid incorporation was measured by spotting 10-50 
samples on 2 cm. discs of 1hatman 3MM filter paper. 
The discs were washed with 5% (w/v) trichioroacetic acid 
and then heated at 90° for 30 ml:. in 5% (w/v) trichioroacetic 
acid, twice with ethanol-ether (1:1) and once with ether. 
-21- 
Radioactivity was determined in a scintillation counter. 
For preparation of labelled polypeptides, the reaction 
mixture was incubated at 370 for 1 hr. (except where 
Indicated) and the reaction stopped by addition of an equal 
volume of 0.5 M-NaOH. 	The mixture was allowed to stand at 
room temperature for 1 hr, and an equal volume of 20f_'(w/v) 
trichioroacetic acid was added; the mixture was kept on ice 
for 1 hr., the precipitate collected by centrifugation, the 
pellet resuspended In 5 (w/v) trichioroacetic acid, 
recentrifuged and washed once more with 5% (w/v) trichioro- 
acetic acid. 	Two washes with ethanol-ether (1:1) and one 
with ether completed the purification. 	The dry pellet was 
stored at -20 0 
Materials. 
Bacteriophage ZIK/l and its host E. coil C3000/L. were 
obtained from Dr. D.E. Bradley, Department of Zoology, 
University of Edinburgh. 	Bacteriological grade alumina A-305 
was a gift from Alcoa Chemicals Ltd. and actinomycin-L) was a 
gift from Merck, Sharpe & Dohme Inc., Rahway, N.J., U.S.A. 
-22- 
RESULTS 
Properties of bacteriophage ZIK/l coat protein. 
Coat protein was extracted from purified phage using 
acetic acid as described in Methods and the molecular weight 
and amino acid composition were determined as follows. 
(a) Molecular weight determination. 
The molecular weight of the coat protein sub-unit was 
determined by the short-column sedimentation equilibrium 
method (Yphantis, 1960). 	Freshly deionised 	-urea was 
added to a solution of coat protein in 0.01 Ai-tris-I1Cl pH 8.0 
(5-10 mg. protein/mi.) to give a final concentration of 6M-urea 
and the solution was d[alysed against 0.01 M-tris-IICI pH 8.1 
containing 6M-urea for 16 hr. at 200  with three changes of 
buffer. 	The protein solution was removed from the dialysis 
bag, diluted with buffer where necessary and samples were 
loaded immediately into a multi-channel Yphantis cell; 21 . •. 
tris-urea solution was placed in each reference channel and 5 il. 
FC43 oil plus 15 pl. protein solution in each sample channel. 
The cell was spun in a two-place rotor at 20,000 r.p.m. or 
30,000 r.p.m. in a Spinco Model 'E' analytical ultracentrifuge. 
Determinations were carried out at 200  using Schlieren optics 
with a constant phase-plate angle of 700. 	The apparent 
molecular veight of the coat protein sub-unit was calculated 
from the equation 
1 dCRT 
M = i•(-;:6) (' - 
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where () is angular velocity in radians/sec. 
T is absolute temperature, 
R is the gas constant (8.314 x 10 ergs/ °/mo.e), 
r is the distance of the Ad-point of the column from 
the axis of rotation, 
C 0 is protein concentration, 
(dC/dr) is the height of the column at the mid-point, 
p is the density of the protein solution, 
is the partial specific volume of the protein 
calculated from the amino acid composition as described by Cohn 
& Edsall (1943), equal to 0.737 for ZIK/l coat protein. 
The initial concentration (c 0 ) was determined in terms 
of arbitrary units by integration of the synthetic boundary 
trace obtained by centrifuging protein solution and buffer in 
a double-channel synthetic boundary cell. 	The height of the 
column at the mid-point of the cell at equilibrium was measured 
directly by the difference between the solution and solvent 
traces. 	This was done by enlarging the schileren traces on 
to a photograph and measuring the distance between solution and 
solvent traces ith a comparator. 	Plate 1(a) shows some typical 
equilibrium traces obtained with coat protein and plate 1(b) 
shows a synthetic boundary trace. 
Fig. 1 shows the apparent molecular weights determined at 
several different protein concentrations. 	Each point on 
the graph represents the mean of at least two determintions. 
Plate 1. (a) Typical equilibrium patterns obtained with 
ZIK/l coat protein in a multichannel Yphantis 
cell. 
(b) Typical pattern obtained with ZIK/l coat 
protein in a synthetic boundary cell. 
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Fig. 1. 	The molecular weight of ZIK/l Coat protein 
determined by the short column equilibrium 
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The position of the line drawn through these points was 
determined by the 'least-squares' method. 
The apparent molecular weight of the coat protein shows 
concentration-dependence and the real value at zero 
concentration isas measured from the intercept on the y-axis of 
the graph (Fig. 1). 	The molecular weight of bacteriophage 
ZIK/l Coat protein, me9sured :s described is 129050 ± 100. 
(b) Amino acid composition. 
2 mg, samples of coat protein were hydrolysed for 24-96 hr. 
wit' 6N-1ICI and the hydrolysate analysed for amino acids by the 
method of Spackman, Stein & Moore (1958) as described by Ambler 
& Brown (1967). Results of these analyses are shown in Table 
3. 	The results were corrected and 'best values' for each 
amino acid calculated according to Ambler & Brown (1967). 
Thus, best values for serine and threonine are recoveries 
extrapolated to zero time of hydrolysis, for valine and 
isoleucine are recoveries extrapolated to infinite time of 
hydrolysis and for the other amino acids best values are the 
average of all time recoveries. 	The divisor in the final 
column of Table 3 was obtained by dividing the sum of the beat 
values for phenylalanine, tyrosine, lysine and arginine by 16. 
ZIK/l coat protein does not contain histidine, methionine 
or cysteine and possibly tryptophan (determined spectrophoto-
metrically). 	The sub-unit contains 102 amino acid residues 
and the molecular weight calculated from the amino acid 
Table 3. 	Amino acid composition of ZIK/l coat protein. 
Amount of amino acid recovered (Moles) Residues/mol. 
Hydrolysis time 	(hr.) 
Rest Best 
24 24 48 96 value 	value/0.0423 
Gly 0.310 0.319 0.319 0.313 0.315 7.4 
Ala 0.524 0.533 0.526 0 6 529 0.528 1.5 
Val 0.537 0,534 0.569 0.598 0.610 14.4 
Leu 0.263 0.266 0.269 0.266 0.266 
Ile 0.251 0,255 0.264 0.272 0.274 
Ser 0.423 u.422 0.392 0.324 0.455 10.8 
Fhr 0.288 0.289 0.276 0.255 0.310 7.3 
Asp 0.446 0.447 0.443 0.445 0.445 10 1 5 
Glu 0.259 0.203 0.259 0.259 06260 6 1 1 
Phe 0.139 0.138 0.136 0.141 0.139 3,3 
Tyr 0.163 0.164 0,19 0.159 0,161 3 1 8 
Trp - - - - - 0.5 
- - - - 
- 
Met - - - - - 010 
Pro 0.161 0.145 0,148 0.178 0.157 3.7 
Lys 0.216 0.217 0.220 0.218 0.218 5.2 
His - - - - - 
Arg 0.164 0.152 0.161 0.158 0,15 
NH  0.385 0.393 0.5J: 0.519 0,325 7.7 
Correction 	1100 1100 0.97 1.03 
factor 
Total 102.1 
*0.0423 was obtained by dividing the sum of the best values for 
phenylalanine, tyrosine, lysine and arginine by 16, as these 
amino acids represent 16; 	of the total recovered and a protein 
of molecular weight 12-13,000 contains approximately 100 residues. 
Plate 2. 	Polyacrylamide gel electrophoresis of 






composition is 12 9 450. 
(c) Electrophoresis of ZIK/l Coat protein on polyacrylamide gel. 
This was carried out as described in Methods and the 
protein located by staining with amido black 108. 	Gels were 
stained for 15 mm. with 1% (w/v) amido black in 10,',', (v/v) 
acetic acid and excess dye was removed by soaking the gels In 
several changes of ethanol-acetic acid-water (4:1:5 by vol.). 
Plate 2 shows the gels obtained with intact phage and purified 
coat protein: one band is present in each case and the purified 
protein also shows two minor bands (not visible on the photo- 
graph). 	The proportion of protein in these minor bands 
increases on storage probably due to Irreversible aggregate 
formation. 
Characteristics of bacteriophage ZIK/1 replication In vivo. 
(a) Growth of infected cultures. 
Fig. 2(a) shows the extinction measured at 600 mV. of 
an infected culture of E. coil C3000/L (multiplicity-of-
infection 10) in nutrient broth containing I mM-CaCl 2 . 
Extinction increases linearly until 60 mm. after Infection 
when there is a levelling-off followed by a decline during 
lysis. 	I ml. samples of the infected culture, disintegrated 
at 20 with a Dawe Soniprobe, were asayed for infective phage 
by the double-layer agar method. 	Bacteriophages start to 
appear 30 mm. after infection ar1 production stops 80 nUn, 
after infection (Fig. 2b). 
Fig. 2. 	Characteristics of growth of ZIK/l—infected () 
and uninfected (0) cultures of E. coil. C3000/L: 
extinction at 600 mph; 






incorporztio of [14ditistidine. 
00 20 40 60 80 0 20 40 60 80 




































Incorporation of valine and histidine. 
Amino acid incorporation by ZIK/l-infected and uninfected 
cultures of E. coil C3000/L In 1.3% (w/v) nutrient broth was 
followed by adding 1I4clvaiine (6.9 mc/m-mole) or{14c]histidine 
(25 mc/m-mole) to a concentration of 0.2 c/m1. 	Trichioro- 
acetic acid-precipitable material was assayed in 1 ml. samples 
of culture as described in Methods. 	The rate of valine 
incorporation in infected cultures shows an increase compared 
to that in uninfected cultures from 10 min, after infection and 
Incorporation ceases 70-80 mm. after infection (Fig. 2c). 
Hist.ine which Is not incorporated into coat protein, shows 
no increase in rate of incorporation in infected cultures and 
Incorporation ceases 50 mm. after infection (Fig. 2d). 
Induction of a phage-specific RNA dependent RNA-polymerase. 
A 5 1. culture of E. coil C3000/L. was grown and infected 
with bacteriophage ZIK/1 as described in Methods. 	500 ml. 
samples were removed at 10 mm, intervals and 270 g. 
(NH 4 ) 2s04 added to each. 	The precipitate was allowed to 
form at 20 for 30 mm., collected by centrifugation and 
suspended in 3 ml. 0.01 M-trls-HC1 pH 7.2 containing 1 mM- 
MgC1 . 	1.5 mg. lysozyme and 10 ps;. deoxyribonuclease were 2 and 
added and the mixture was frozen haed thrice (Haruna & 
Spiegelman, 1965). 	The supe 	.'It obtained after 
centrifugation at 15,000g for 10 mm. was assayed for RNA-
polymerase activity in the presence of ZIK/1 RNA by measuring 
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Fig. 3. 	Induction of RNA—poiymeraae activity in ZIK/1- 
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the incorporati'r of [_ 32 ] CTP in i rectiofl mixture containing 
0.25 1mo1e each of GTP, UTP, ATP, 50 1jmoles tris-HC1 pH 1.2, 
3 imo1es MgC1 29  10 
tg. ZIK/1 RNA, 0.1 ml. lysate and 0.2 .imo1e 
[a_32] CTP (prepared as described in Methods) in a total volume 
of 0.25 ml. 	After incubation at 370 for 50 mm. an equal 
volume of lo% (w/v) trichioroacetic Pcid was added and the 
precipitate collected on an Oxoid 2 cm. membrane filter. 
The filter was washed several times with 5% (w/v) trichioro-
acetic acid, dried in an oven at 40 and radioactivity 
measured in a scintillation counter. 
Fig. 3 shows the phage-specific RNA-polymerase activity 
in an infected culture during the cuurse of replication. 
Enzyme activity shows a lag-phase of 10 mm. and reaches 
maximum activity 40 min. after infection followed by a rapid 
decline during lysis. 	Preparations from uninfected cultures 
give backgruund levels of CTP incorporation. 
(d) Polyacrylamide gel-electrophoresis of labelled protein 
synthesised in Lnfected cells. 
r14Cj 1  [ 	valine-labelled proteins were extracted from E . coil 
C3000/L infected with bacteriophage ZIK/1 and electrophoresed 
on polyacrylamide gels as described in Methods. 	Fig. 4 
shows the profiles obtained with (a)[111-labelled purified coat 
protein, 	[' 4 	teii.s from infected cells, 
(c) [14 C] v li.rc _1. !L .i 	 - 	uniected cells and (d) 
from infected cells. 	The profiles of cell extracts are 
Fig. 4. 	PoJyacrylamide gel electrophoresis of proteins 
synthesised in infected cells: 
[HJva1ine—iabe lied purified ZIK/l coat protein; 
[14c]histldine_iabeljecj proteins from ZIK/l- 
infected cells; 
[14C] 	proteins from uninfected 
ce LI S; 





















































Fig. S. 	Polyacrylamide gel electrophoresis oc[14c]vaiine_ 
labelled proteins extracted from infected cells at 
(a) 10 mm,, (b) 20 mm., (c) 40 vain., (d) 80 mm. 
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complex but sone peaks are distinguishable. 	Protein peaks 
in the valine-labelled extract of infected cells (Fig. 4d) 
are similar to those in the uninfected cell extract (Fig. 4c) 
with the exception of a large peak present in the extract of 
infected cells. 	This peak, which has the same mobility as 
purified coat protein (Fig. 4a), is absent from the histidiie-
labelled proteins (Fig. 4b) and is identified therefore as the 
coat protein. 	The identity of the other peaks is unknown but 
as the extracts contain all the cellular protein each peak 
probaIy consists of several different proteins. 
Fig. 5 shows the profiles of proteins extracted from 
Infected cells at (a) 10 mm., (b) 20 mm., (c) 40 mm., 
(d) 80 main, and (e) 100 main, after infection. 	Early in 
infection the coat protein peak is small and the main period 
of coat protein synthesis is 20-80 mm. after infection. 
Characteristics of polypeptide synthesis in an E. c11 
cell-free system primed with bacteriophage RNA. 
(a) Properties of the in vitro system. 
Fig. 6(a) shows the effect of RNA concentration on [1]_ 
leucine incorporation into acid-precipitable material in vttro, 
keacti. i 	were carried it I 
r141 
nToIe .Irfl1 • 	U 
V11u!:' OF 0.1 fl1 	cOt,1,111g 
( 165 !ic/!:-iole ) , 1.2 ng/':I., 30 
protein, ZIK/l RNA as indicated and other components as 
described in Methods. 	Incubation was carried out for 1 hr. 
at 37 0 , the reaction stopped by addition of 0.1 ml. 0.5 M-NaOH 
Fig. 6. 	Dependence of amino acid incorporation in the 
cell-free system upon (a) RNA concentration, 
(b) S30 protein concentration. 















0 	 I 	 2 	 3 
—;, 9— 
and ti'ichj.oroacetic acid-precipit:le rteriaL :as iea'red on 
membrane filters. 	The effect of S30 concentration on amino 
acid incorporation is shown in Fig. 6(b). Experimental details 
were as above; the reaction mixture contained 100 .g/ml. ZIK/1 
RNA and 530 protein as indicated. 
It appears that the phage RNA has a limited number of 
ribosome binding sites and that as soon as these are saturated 
addition of excess S30 has no effect on amino acid !r- 
corporation (Fig. Gb). 	However, addition of RIA rci1r in 
further stimulation of amino acid incorporation. 
(b) 	Kinetics of amino acid incorporation in vitro. 
Fig. 7(a) shows leucine incorporation and Fig. 7(b) histidine 
incorporation into acid-.precipitable material in the presence of 
ZIK/l RA. 	Reactions were carried out in volume-.; of 0.2 ml. 
14 1 	 S 
containitg 20 mpmoles/ml. 
r L C]-leucine (165 mc/m-mole) or lu 
mimo1es/ml. {I1 ]histidtne, 20 mruoles/ml. of each unlabelled 
amino acid, 100 pg/ml. ZIK/1 RNA, 1.5 mg/mi. S30 protein and 
other components as described. 	Incubation was carried out at 
370 and trichioroacetic acid-precipitabie material was measured 
in 10 pl, samples using Whatinan 3MM filter paper discs as 
described in Methods. 
Leucine incorporation proceeds at a rapid rate for 30 mm e  
and then levels off. 	The same result is obtained when valine 
or phenylalanine incorporation is measured. 	Ilistidine 
Incorporation shows a lag-phase of 5-10 mm. followed by a 
Fig. 7. 	Amino acid incorporatioi in the cell—tree system 
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rapid rat of incorporit.i•n until 30 mm. when incorporation 
ceases. 
(c) Polyacrylamide gel electrophoresis of polypeptides 
synthesised in vitro in the presenc of ZIK/l RNA. 
Polypeptide s (.Ie I ed jti 114c] valine (125 ruc/m-ole) 
or \ithIl]h.istidi 	(0010 c/-mole) 	re loltcd and 
ectrophoresed on polyacrylamide gels as describeu i 	t.uds. 
1 
j jva11ne-1abe11ed polypeptides were mixed with r3 i1Jv 	ne- 
labelled purified cont protein prior to treatment Wit 	him 
ri 1 
dodecyl sulphate and electrophoresis. 	Fig. 8 shosL 	vfi 
 polypeptides produced (a) in the presence rif RNA, (b) 
in the absence of RNA; (c) and (d) show [HJh[stcdi!te-1abel1ed 
polypeptides produced under the same conditions. 
No polypeptide peaks are produced in the absence of RNA 
(Fig. 8b,d). 	The major product in vitro is a large peak which 
co-electrophoreses with purified coat protein (Fig. 8a). 	This 
peak vhlCh Is absent from the histidine-1.ibe1led polypeptides 
(Fig. Sc), is therefore coat protein. 	Several Minor polypeptides 
are produced; most of them contain histidine but further 
characterisation has not been possible. 
141
' .j Fig. 9 stows the 	 t e e1ectropor 	
1 
	
tic profiles of j 	—jnte. I 2ianJne_ 
labeied polypeptides present in the incubation mixturc :t. ( ) 10 mm., 
(b) 20 mm. and (c) 60 mm, 	By 10 mm, synthesis of coat protein 
is well advanced and approximately 50S of the total Coat protein 
synthesised is present at this stage. 	Some or the minor peaks 
Fig. 8. 	Polyacrylamide gel electrophoresis of polypeptides 
syntheid in the cell-free system: 
[14c]vallne_labejied polypeptides produced in 
the presence of ZIK/l tNA, mixed with [ii]vaiine_. 
labelled Coat protein ( -- s-.--s--- s--); 
14 1 	1 L cJ valine-labelled polypeptides produced In 
the absence of ZIK/]. RNA; 
{H}histidine-labe11ed polypeptides produced in 
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Fig. 9. 	Polyacrylamide gel electrophoresis of P] 
phenylalanine-labelled polypeptides synthesised 
in the cell-free system in the presence of 
ZIK/1 	t (a) 10 mm., (b) 20 mm. and 
(c) co :n. 	 lied coat protein 
was added as a marker (--.---.---.j. 	(d) shows 
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are present at 10 mm, but synthesis of these takes place in 
the period 5-20 mm. 	The polypeptides present at 60 mm. 
were mixed with [3  11]valine-labelled coat protein prior to 
electrophoresis. 	The purified coat protein co-electrophoreses 
with the major product which accounts for about 70% of the 
total polypepttde synthesised, 
(d) The effect of ZIK/1 coat protein on RNA-primed in vitro 
polypeptide synthesis. 
RNA at 600 ig/m1. was mixed with purified coat protein 
in different molar ratios and incubated in 0.02 M-tris-HCI 
pH 8.1 at 370  for 5 mm. 	The KNA-coat protein complexes so 
formed rere used is tcp1.tes in the in vitro system and 
F141 	 F31 incorprti n of I CJ phenyJ.alanine and I fij histidine were 
measured. 	The incorporation of the-c amino acids into 
trichioroacetic acid-precipitable material for each complex is 
shown as a percentage of the Incorporation observed ith RNt. 
alone in Fig. 10. 	Phenylalanine incorporation shows a gradual 
reduction when the ratio of Coat protein to RNA is increased 
whereas histidine incorporation shows a fairly steep Initial 
decline followed by a gradual reduction. 	Synthesis of non- 
coat proteins (histidine incorporation) shows a greater reduction 
than total polypeptide synthesis (phenylalanine incorporation). 
Ihe polypeptides made in vitro in the presence of a Coat 
protein-RNA complex (40 moles coat protein/mole RNA) give the 
electrophoretic profile shown in Fig. 9(d). The minor peaks 
Fig. 10. 	The effect of coat protein on the iticorportion 
of[14C]phenylalanine (i and{'h]ttstidihe (0) 





0 	 100 	 200 
Coat protein: RNA (mole.-mole) 
[.] 
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are greatly reduced or absent and the major coat protein peak 
Is reduced by approximately 20r,4 compared with Fig. 9(c). 
(e) In vitro synthesis of an RNA-polymerase. 
The incubation mixture contained per ml: 50 l.Lmoles tris-HC1 
pH 8.1, 50 iimoles Nil 4C1, 10 pmoles magnesium acetate, 10 .imo1es 
glutathione, 20 mmo1es of each amino acid, 0.2 uno1e GTP, 
0.2 t no Le 	, i.d n1e 'iT, •.2 mole [a- "" P] CTP, 5.0 moles 
lio 	ei 01 pruvte , I mg. 630 )rote.. aid 50 ig. ZIK/1 	A. 
The mixture was incubated at 370  and 0.2 ml, samples were 
removed into 0.2 ml. 10i (w/v) trichloroacetic acid. 	After 
standing in ice for 15 mm. the precipitate was collected on an 
Oxoid membrane filter, washed several times with 5% (w/v) 
trichioroacetic acid, dried and the radioactivity determined 
in a sc1 it 	Ion caunter. 	 1 shows the kinetics of 
crporatiuii; there is a lag-ph se af 15 mm. 
fr1od by incorporation at a rapid rate. 	This incorporatJ.n 
Is dependent upon the presence of ZIK/l RNA and the presence of 
pancreatic ribonuclease (14g/ml.) reduces incorporation to 
background levels. 	Deoxyribonuclease (1 Vg/ml.) or 
actinomycin-I) (10 VS/ml,) have no effect on CTP incorporation. 
Fig. 11. 	Induction of RNA-polymerase activity in the cell- 
free system in the presence ( 0 ) and absence () 




















The amino acid composition of ZIK/l coat protein 
differs from those of other phage coat proteins (Tables 2 9 3), 
and although ZIK/] appears to be related to QP on the basis 
of RN GC-content their coat proteins are very different. 
However, the phages in the higher GC group (Table 1) are 
almost identical; recently f2 and Ri7 coat proteins have 
been shown to contain 129 amino acid residues and to differ 
in sequence by only one amino acid (f2 has methionine and Rh 
leucine at position 88) (weber & Konigsberg, 1967; Konigsberg, 
1967). 	The four phages ZS/3, ZL/3 9 ZO and a15 which are 
members of the higher GC group, are serologically related to 
each other and antigenicahly dissimilar to ZIK/1 and ZJ/l; 
the latter two phages are to some extent similar to each other 
(Bishop & Bradley, 1965). 	It would appear that the phages in 
the higher GC group show a greater degree of re1atednes to 
each other than the members of the lower GC group. 	Neverth.ess, 
the group differences do not extend to the method of replication, 
and each phage gene encodes an identical function in the genomes 
of different RNA phages. 
It Is interesting that histidine Is absent from the coat 
protein of all RNA phages, but is present in the RNA-polynierase 
and in the A-protein. 	Whilst this provides a fortuitous method 
for distinguishing between coat and non-coat protein in vivo 
and in vitro, it may have deeper significance and could be 
concerned with the regulation of non-coat protein synthesis. 
-34- 
Such a regulation could be effectea if histidine is present in 
low concentration in the host cell, or if the histidine Codon 
used in the phage genes is one that Is not normally used by 
the host; this would necessitate the induction of a new 
transfer RNA molecule which could be coded for by host or 
phage. 	11owever s the detection of polymerase and A-protein 
synthLr in the cell-free system would seem to argue against 
this. 
Translation of ZIK/i RNA In an E. coil cell-free system 
gives coat protein as the major product and a series of minor 
non-coat polypeptides (Fig. 8) in agreement with the results 
obtained using RNA from other phages (Nathana, et al, 1962; 
Ohtaka & Spiegelman, 1963; Eggen, Oeschger & Nathans, 1967; 
Suglyama & Nakada, 1967; Lodish, 1968b,c). 	The nature of 
the 6 minor polypeptide peaks observed on polyacrylamide gel 
when zIK/l in vitro product Is ciectrophoresed and the 3-5 
peaks observed with other phage RNA (Eggen, et al., 1967; 
Vinuela, Salas & Ochoa, 1967; Sugiyama & Nakada, 1967) Is 
unknown, but It is unlikely that they are all intact phage 
proteins because of the limited amount of Information In 
the phage genome. 	All phage proteins appear to be initiated 
with N-formylrnethtonIne (Adams & Capecchi., 1966; lebster, 
et al., 1966; Kolakotsky & Nakamoto, 1966; Vinuela, 
& Ochoa, 1967) and when N-formyl[
35 
 s]rnettiony1-tit;.\ is i.cd 
to label the NH 2
-terminiof polypeptides produced in the 
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cell-free system in the presence of phage RNA, three major 
peptides and one very minor one are detected (Lodish, 1968c). 
Thus, there appear to be only three initiation sites in the 
phage genome, and the minor peaks observed on polyacrylamide 
gel ere probably fragments of larger polypeptides; it is not 
known if they are synthesised as such or if they result from 
breakdown of phage polypeptides during incubation or electro-
phoresis. 	It is possible that two of the minor peaks 
observed in the ZIK/l in vitro product are the RNA-polyini'ae 
and the A-protein. 	Although synthesis of intact polymerase 
has been demonstrated with ZIK/l RNA (Fig. 11) it has not 
been possible to identify a polypeptide peak corresponding 
to the enzyme activity. 	However, when a coat protein-RNA 
complex is translated in vitro the minor peeks are absent 
(Fig. 9d); as the coat monomer specifically inhibits phage 
polymerase synthesis (Lodish, 1968c) it can be concluded 
that the minor peaks result from translation of the po1ycre 
cistron. 	A-protein is thought to be made in such small 
amounts that It cannot usually be detected. 
The evidence available at present indicates that there 
are only three cistrons in the RNA phage genome although the 
minor peptide observed in vitro by Lodish (1968c) and the 
variabl2 fourth protein found in MS2 lysates (Nathans, et 
al., 1966) still have to be accounted for. 	Several functions 
such as regulation of phage protein synthesis, inhibition of 
host synthesis and cell lysis could be ascribed to a fourth 
-3 - 
protein, but these can be accounted for in other ways as will 
be described later. 
The molecular weight of phage RNA (1.1 x 10 ) is 
equivalent to approximately 3000 nucleotides; the phage genome 
therefore contains sufficient information to code for a 
maximum of 1000 amino acids. 	It may be calculated from the 
molecular weights of the known phage proteins that these account 
for about 850-900 amino acids leaving enough information to 
code for another small protein. 	However, it is highly 
probable that several of the bases in phage RNA are involved 
In recognition sites and do not code for protein. 	No chain 
initiation codon is present in the first five bases of the 
5 0 -terminus of phage RNA (Glitz, 1968; 1e Wachter, et al., 
1968) and no chain termination codon occurs in the 16 bases 
at the 3 1 -terxninus (Dahlberg, 1968). 	Hence there are terminal 
nucleotide sequences of unknown length which are not involved 
In the protein message. 	The 3 9 -terminal sequences of the 
plus and complementary minus strand are thought to be the 
polymerase recognition sites and If these sites are identical 
In each strand the terminal sequences in either strand will be 
complementary. 	From what is known of these sequences In the 
phage plus strand it appears that this Is not so (Table 4). 
Double helical regions In phage RNA have not been detected 
under annealing conditions (Feix, et el., 1968) and the finding 
that fl3 polymerase requires August factors for activity with the 
Table 4. 	Terminal sequences of bacteriophage RNA. 
5' -te rmi nus: 
QP 	 pppGGGGAAC and 
pppGGGGGAAC (Dc Wachter & Fiers, 1969) 
MS2 	 pppGGU 	(Glitz, 1968). 
All phages examined have GTP at the 5'-terminus; Rh 
(Roblin, 1968), f2 (Dahlberg, 1968), R23 (atanabe &  
1968) and those shown above. 	Two 	 sequences are 
present in samples of phage QP isolated from the same plaque 
(De Vachter & Fiers, 1969). 	Q1 RNA is therefore somewhat 
heterogeneous. 
3'-terminus: 
QP 	 GCCCUCCUCLJCUCCCA-OH 
R17 	 GUUACCACCCA-OH 
f2 	 GUUACCACCCA-OH 
MS 2 	 CU UACcACCCA-OH  
(Dahlberg, 1968). 
(Dahlberg, 1968). 
(Weith & Gilham, 1967; 
Dahlberg, 1968). 
(Dc Wachter & Fiers, 1967). 
plus strand but not with the minus strand (August, et al., 1968) 
indicates that the 3'-terminal sequence is different in each 
strand. 
The coat cistron appears to be situated at the 5 1 -terminus 
of the phage genome because Z1K/1 coat protein is synthesised 
rapidly and is the major product in the C. coil cell-free 
system. 	It Is probable that the iion-coat genes are distal to 
the coat gene because there is a lag in histidine incorporation 
with I/l U\A and with MS2 RNA (Oht..a & Spiegelman, 19(3). 
hen ! 	from the polar ambr coat mutant sus-3 is trrsLted 
In vitro a fragment of coat protein is made but very little non-
coat protein is detected (Webster * et al., 1967). 	An i 
fragment isolated from an A-clstron mutant contains the 3'-
terminus of phage RNA and directs synthesis in vitro of two 
non-coat proteins (Lodish, 1968b,c). 	A similar fragment Is 
produced from R17 RNA by action of an endonuclease from E. coil. 
MR6600; this fragment directs the synthesis of polymerase, and 
a smaller fragment which contains the 5'-terminus makes a little 
coat protein-like material (Spahr & Gesteland, 1968). 	Thus, 
there is little doubt that the coat cistron is the first gene 
In the phage genome but the order of the other genes is not 
known definitely. 	Unfortunately, it is impossible to determine 
the gene order directly using mutants because recombination does 
not occur with these phages, 	itowever, the failure in most 
cases to detect synthesis of A-protein in vitro indicates 
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that the A-cistron lies nearest the 3'-terminus. 	The most 
probable arrangement of genes in the RNA phage geno!ae is shown 
In Fig. 12: the order of cistrons is coat: polymeraie: 
A-protein. 
In the cell-free systei' the frequency of translation of 
each of the phage genes is related to its position in the 
genome. 	Hence the Coat gene is translated many more times 
than the A-protein gene. 	A similar observation has been made 
when the L ac operon is translated In induced or constitutive 
bacteria: the 3-galactosidase cistrori hich is at the 5'-
terminus of the Lac operon (Fig. 12) produces twenty-fie 
times as much product as the transacetylase cistron %hich is 
at the 3!.terminus (Zabtn, 1963). 	A possible explanation for 
this is that the distance between the chain termination codon 
in one gene and the chain initiation coclon In the next determines 
how much protein Is made from the second gene, and that there is 
a sequence of untranslated bases lying between the chain 
termination and initiation Codons (Beckith, 1967). 	This 
could be the case for the phage genome. 	Although there are 
three initiation codons in the genome ribosomes cannot bind 
to each ith equal efficiency otherwise it would be reasonable 
to expect that each protein would be made in comparable 
quantities in vitro. 	It is possible that the chain initiation 
site is more complex than a single codon and that the sequence 
of bases surrounding the codon may have a profound effect 
Fig. 12. 	The probable order of cistrons in (a) the RNA 
phage genome and (b) the lac operon messenger 
RNA. 
RNA-phage genome 
b 	c 	 a 
Si 	 '-OH 3' 
4, 	 4 
coat 	polymera5e 	A-protein 
pro  em 
l ac operon mRNA 
z 	 y 	a 
51 	 I 	I 	I-OH 3' 
8-qaIactosidase permease 	trans- 
acetymose 
-39-. 
upon the efficiency of ribosome Linding. 
The amber coat mutants sus-3 and sus-11 which occur at 
positions specifying amino acids 6 and 70 respectively make 
fragments of coat protein in vitro (,ebster, et al., 1967. 
Sus-3 is a polar mutation and abolishes the translation of the 
non-coat genes; sus-11 is non-polar and when RNA from this 
mutant is translated in vitro polymerase is made in normal 
amounts (Engelhardt, et al., 1967; Lodish, 1968a). 	Thus, 
translation of the coat gene at least beyond Codon 6 is 
necessary for the initiation of polymerase synthesis. 
Passage of ribosomes along the coat cistron may expose the 
polymerase initiation site allowing fresh ribosumes to bind. 
Studies by Malamy (1967) on strongly polar frame-shift mutants 
in the distal segment of the z-gene of the Lac operon (Fig. 12) 
suggest that ribosomes continue to move along the message after 
reading chain termination codons but as they are not translating 
there is an increased probability that they will detach from 
the RNA. 	This probability increases with the length of RNA 
between the chain termination codon and the next cistron. 
Obviously the applicability of this suggestion to the phage 
genome depends on ribosomes being able to bind at only one 
site situated at the S'-Lrminus. 
1\hen RNA from ti; - --- sus-3 mutant is translated in vitro 
only monosomes are formed whereas with sus-11 or wild-type 
RNA polysornes and monosomes are formed (Engelhardt, et al., 
1967). fhus it is concluded that there is only one major 
site for ribosome attachment and that phage genes are translated 
sequentially in vitro. 	This confirms the finding that each 
RNA strand binds only one ribosome when phage RNA and isolated 
ribosomes are alloed to interact in vitro (Takanami, Yan & 
Jukes, 1965) ; if protein synthesis is allowed to proceed 
polyribosomes are formed. 	Ti'e presence of one ribosome 
binding site would explain the sequential translation of the 
phage genes as well as the predominance of coat protein in 
the in vitro product. 	However, Ludish ( 1968c) hs 
that coat and -,rotetn :rithsi are initiated simultewsly 
in vitro whereas there is a lag In initiation of polvinerase 
synthesis. 	It is therefore proposed that coat an 	- rotein 
J.nitiat[on sites are always exposed but that polymerase site is 
exposed only after translation of part of the coat gene. 
Rretscher (1968) points out that the RNA is not shown to 
remain intact during incubation and it t possible that the 
observation could arise from initiation at the ends of 
fragmented RNA. 	Ribosonies can enter the interior of a message 
and do not need a free 5 1 -end (Bretscher, 1968) but this rimy not 
be the case for all messenger molecules. 	If ribosomes can 
enter at any of the three initiation sites in the phage genome 
the different rates of expression of each gene must be caused 
by some property of the RNA secondary structure. 	Exposal 
of the ribosome binding sites for distal genes would depend 
on trnnslation of enough of the first gene to disrupt the RNA 
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secondary structure. 	However, with the evidence available at 
present it is not possible to distinguish between the single and 
multi ribosome binding site models for phage RNA. 
In the infected cell coat protein is produced in great 
excess over the other phage proteins; coat protein is 
synthesised mainly in the period 20-80 min, after infection 
(Fig. 5) and the phage polymerase is produced earlier in 
infection (Fig. 3). 	Thus, the appearance of phage proteins 
in vivo is subject to teporal as well as quantitative control 
and translation of the genome requires additional regulation 
to that imposed by the position of cistrons in the messa;e. 
When the infecting RNA enters the cell it becomes associated 
with ribosomes and starts to produce proteins (Erikson, et al., 
1964; Kelly, et al., 1965). 	It has been postulated that the 
parental plus strands are used for polymerase synthesis and 
progeny plus strands for coat protein Synthesis (Lodish, et 
1964; Horiuchi, et al., 1966) but progeny RNA has shown to be 
required for a normal yield of polymerase and coat protein 
(Oeschger & Nathans, 1966) and must be used for the synthesis 
of both. 	A-protein appears to be produced late in infection 
because interruption of protein synthesis at this time results 
in the production of defective phage particles (Lodish, et al., 
1965). 
Maximum rates of translation of th phage genes i vivo 
occur t different times from those observed in vitro, 	Thus 
in the early stages of infection it appears that only the 
-42- 
polymerase gene is translated and this coincide, with the 
eclipse phase during which no progeny RNA plus strands are 
synthesised, and most of the phage RNA is in the double-stranded 
form (Nonoyama & Ikeda, 1966; Bishop, 1966b). 	hen synthesis 
of progeny RNA commences, polymerase synthesis sLows a burst 
followed by a decline as the synthesis of coat protein increases. 
It appears that the rising level of coat protein inhibits 
synthesis of the phage polymerase probably by specific binding 
to the polymerase cistron as has been shown in vitro (Sugiyama 
& Nakada, 1967; Lodish, 1966; Eggen & Nathans, 1969). 	However, 
the only direct evidence that coat protein acts as a repressor 
In vivo is the observation that then cells are infected with 
certain coat mutants polymerase is made in abnormally high 
amounts and there is no reduction in its synthesis (Lodish & 
Zinder, 1966). 	If coat protein does repress synthesis of 
polymerase in this manner ribosome bindli must occur at at 
least two sites to allow A-protein synthesis late in infection 
(assuming that the gene order shown in Fig. 12 is correct). 
It is then necessary to consider how A-protein synthesis is 
controlled; the only possibilities seem to be that ribosomes 
bind very inefficiently to the A-protein initiation site or as 
mentioned earlier, a modulation mechanism may be involved. 
Although the synthesis of coat protein is at a maximum 
late in infection, host protein synthesis shows a considerable 
reduction during this period (Fig. 5). 	In cells infected 
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with 'S2 phage host protein snthesi shows little incree 
for 30 mm. nnd then declines rapidly (suglyama & Stoe, 19(8). 
Cells infected with ZIK/l show no decrease in protein synthesis 
during infection (Fig. 2c,d) and it seems probable that the 
redaction in hot synthesis is caused by the phage RNA 
successfully competing with host messenger RNA for ribosomes 
and synthetic apparatus. 	The distribution of polyribosomes 
in Rh-infected cells shirts towards smaller phage polyribosomes 
early in infection (Hotham-Iglewaki & Franklin, 1967) and 30 mm. 
after infection there is enough phage RNA to convert bacterial 
polyribosomes to small phage polyriboso.ies (Godson, 1968). 
Thus, the reduction in host protein synthesis appears to be 
caused by the reduction in the number of bacterial polyribosomes, 
and different reductions observed with different phages (Ellis & 
Paranchych, 1964; Watanabe, et al., 1968) would be caused by 
the varying efficiency of phage RNA In competing ith host 
messenger, RNA. 	However, sugiyama and Stone (1968) argue that 
as total protein synthesis in MS2-infected cells measured by 
phenylalanine incorporation shows little increase that another 
mechanism is responsible for the reduction in host protein 
synthesis, but there is no evidence for this. 	Cell lysis Is 
thought to be a purely mechanical process and there is no 
evidence for production of a lysozyme. 	Zinder and Lyons (1968) 
have argued that coat protein acts as a lysozyme because lysis 
does not occur in cells infected wih coat protein mutants but 
A 
- -I- - 
this finding can be explained eually as well by 	chanica1 
lysi-. 
il:t. iuch Is 	o 	ti 	i';tJn uf 
genome and of its replication, several questions remain to be 
answered, 	Thus, the number and location of phage genes has 
to be determined definitely, and events occurring during 
replictlon together with their control mechanisms have to be 
elucidated in full. 	The organisation and possibly something 
of the latter problems will be solved when the sequence of 
bases in phage RNA is established. 	Although the sequencing of 
a molecule as large as the phage genome is a considerable 
undertaking, there are Indications that it will be accomplished 
soon. 
SUMMARY 
1. 	z1l/1 cot protein differs from other RN. phige coat 
proteins. 	The monomer has a molecular weight of 12 1,10j 
and does not contain histidine, 	thionine or cysteine, and 
probably tryptopttan. 
1*1 
20 	 Coat protein is the major product in E. coil cell-free 
extracts primed with ZIK/l RNA. 	Minor polypeptides are 
produced and as most of them contain histidine they 	r to 
be incomplete products of the non-coat genes. 
31 	Coat protein synthesis Is initiated immediately in vitro 
whereas there is a lag in initiation of non-coat polypeptide 
synthesis. 	It appears that the Coat gene is nearest to the 
5'-terminus of the phage genome and that the non-coat genes 
are distal to the coat gene. 	The rate of trnslation of each 
gene in vitro is related to its position In the genowe. 
4. 	In ZIK/l-infected cells coat protein is made mainly in 
the period 20-80 mm. and the phage RNA-polymerase in the 
period 15-40 mm. 	Regulatory mechanisms operative in the 
infected cell are therefore not observed in vitro. 
S. 	Results are discussed in relation to the order of genes 
In the phage genome, the in vitro translation of phage genes, 
regultory mechanisms and events occurring in the infected 
cell, 
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Part II. 
The Direct Translation of Complementary 
Strands fr'i Mus musculus and Cavia 
porcel1.us DNA-satellites L, an C. coil 




Until recently it was thought that renaturation could not 
be ob-erved with DNA from higher organisms because the reaction 
was expected to take a very long time with the great number of 
different nucleotide sequences (Marmur, Rownd & Schlldkraut, 
1963). 	1fosever, in 1964 foyer, McCarthy and Bolton were able 
to show renaturatiun of vertebrate DNA using an agar gel techniqu 
and in 1965 talker and McLaren demonstrated a rapidly renaturatin 
fraction from mouse DNA using fractionation on hydroxyapatite. 
These findings were extended by \'aring n; Britten (1966) sho 
into 
showed that rodent DNA can be divided three fractions depending 
on rate of renaturation. 	The slowest renaturing fraction is 
made up of sequences that are repeated less than 10-100 times 
per genome whereas the fast and intermediate fractions contain 
highly repititious sequences that are organised in families of 
bet,eei 	 copies. 	The proportion of the genome which is 
organised in families differs markedly for different organisms 
(Britten & Kohne, 1968). 	Thus the mouse has about 30/L of the 
genome in families but the salmon has nearly all of its DNA in 
families. 
The rapidly renaturing DNA fraction found by alker and 
McLarefl (1965) appears to be the largest family of the mouse 
genome and is identical with a minor band observed when nuclear 
DNA is centrifuged to equilibrium in a CsCl gradient, (rinmm, 
Bond, Burr & Bond, 1966; Bond, Flamm, Burr & Bond, 1967). 
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This minor band known as the satellite represents 10-14. of the 
mouse genome and has properties shih markedly distinguish it 
from the major component. 	It is highly homogeneous and its 
renaturation rate when compared with that of viral and 
bacteriophage DNA, indicates that it is composed of a million 
sequences (In groups of sequences) about 300 base pairs long, 
(baring & Britten, 1966). 	Mouse satellite contains 34,. G+C 
compared with 42jo in the major component. 	However, the base 
compositions of the complementary strands are sufficiently 
different to allow separation of the strands by density gradient 
centrifugation in alkaline caesium chloride (Flamm, McCallum & 
halker, 1967). 
It appers that satellite DNA is quite different from the 
major part of nuclear DNA and this poses the problem of 
function. 	There is sufficient satellite DNA in mouse to make 
up 4 medium size chromosomes or if it is evenly distributed 
there could be 300 blocks of molecular weight 5x10 7 per chromosome 
(b'alker, 1968). 	Three hypotheses have been suggested for the 
function of satellite DNA. 	The most unlikely Is that it 
represents a virus or prophage which has become incorporated 
into the genome. 	The enormous number of copies of the satellite 
sequence and its short length suggest a most unusual virus. 
Britten and Kohne (1968) think that satellite DNA represents 
the most recently evolved of the families of DNA. 	Families 
of repeated sequences are supposed to have formed in ealtatory 
-57- 
events during the course of evolution and their iiversity 
increases with age; mouse satellite is the extreme of the 
range and contains almost identical copies because there has 
been little time for divergence. 	This theory is open to the 
objection that whilst new sequences could arise to code for 
new proteins the cell is laden with a high proportion of DNA 
which is non-functional. 
Walker (1968) has suggested that the satellite sequence is 
old on the evolutionary time-scale, and has ben preserved 
because it fulfills an important function. 	This function 
could be concerned with the structural organisation of 
chromosomes. 	It is possible that satellite sequences could 
provide the folding points which have been proposed in 
chromosome models or they may represent attachment points for 
chromosomal protein. 	The difficulty with this thery is that 
satellite DNA has been shown to be present at different levels 
In different organisms. 	Man has a satellite which represents 
l of the genome (Corneo, Ginelli & Polli, 1968), the brown 
rat (Rattus norvegicus) 5, the house mouse (?us musculus) 
10-14%, and even in a single genus of wood mice (Apodemus) 
the proportion in each species is extremely different (alker, 
1968). 	Not only do the proportions of satellite LTh.\ vary with 
species, but differences in composition are observed affecting 
the behaviour of satellite DNA in equilibrium density gradient 
centrifugation. 	Such studies show that Mus musculus and 
-58- 
Apodemus sylvaticus have light desity satellites, Cvia 
porcellus (guinea pig) has a heavy satellite and Rattus 
norvegicus has no distinguishable density satellite (%ialker, 
1968). 	Guinea pig satellite Is complex and shows four bands 
in alkaline-CaCI gradients: the lightest and heaviest have 
been called a-strands and the intermediates 13-strands; 
a-strands are complementary (Flamm, McCallum & Walker, 1968) 
and may be a separate satellite. 
DNA satellites are grossly different and vary in amount 
even in closely related species. 	It is difficult to suggest 
any function which can encompass these points and it is clear 
that much more information on the structure and sequence of 
satellite DNA is needed before the function can be established. 
A highly interesting observation by Holland and McCarthy (1964) 
has provided a method of determining something of the satellite 
structure. 	These workers tested the ability of DNA from 
different sources to act as a template in an E. coil cell-free 
system and observed that denatured DNA from certain culture cells 
stimulated amino acid incorporation whereas that from other 
sources failed to do so. 	This remarkable observation was 
found to be caused by the antibiotic neomycin which was present 
in the medium used for the groth of culture cells, and it has 
since been shown that addition of neomycin to a cell-free 
system primed with denatured DNA renders the DNA directly 
translatable (McCarthy & Holland, 1965). 
-59- 
The mechanisn: of action of neomycin is unknown but it may 
be concerned with the initiation process. 	Neomycin does not 
affect the binding of ribosomes to denatured DNA and this has 
been shown to occur in its absence (Morgan, "ells & Khorana, 
1967). 	It was originally thought that neomycin was one of 
several related antibiotics which could mediate direct 
translation of DNA in vitro but all except neomycin and to a 
lesser extent gentamicin have been shown to be ineffective 
(Morgan, et al., 1967). 	The stimulation of amino acid 
incorporation in the presence of streptomycin and denatured 
DNA has been attributed to an effect of denatured DNA on 
endogenous RNA-primed incorporation (Likover & Kurland, 1967). 
It has been shown that neomycin can cause a high degree 
of misreading with RNA-primed protein synthesis in vitro 
(Davies, Jones & Khorana, 1966) but this is not the c: 	ith 
single-stranded DNA-like polymers which appear to be translated 
correctly: amino acids incorporated with polydeoxyribonucleo-
tides in the presence of neomycin are the same as for the 
corresponding polyribonucleotides in the absence of neomycin 
(Morgan, et al,, 1967). 	The only exception to this rule was 
poly-dA which gave no incorporation but this is thought to be 
due to an inability to bind the transfer RNA. 	Cases of 
occasional specific misreading were observed but at low 
efficiency relative to normal incorporation. 	In general it 
seems that the translation of DNA in the presence of neomycin 
-60— 
gives a sensible reading of the base sequence. 
The neomycin effect therefore provides a means of 
converting single-stranded DNA directly into protein and 
thereby enables the examination of DNA structure by analysis 
of the polypeptides produced in the cell-free system. 	The 
work described here is a preliminary study on the characterisa-
tion of the polypeptides made in the presence of neomycin in an 
E . coil cell-free system primed ¼ith single-strands from Mus 
musculu! and Cavia porcellus DNA satellites. 	This study was 
undertaken in order to relate the properties of the polypeptide 
products to those of the single-stranded DNA and perhaps learn 
something of the sequence, organisation and function of satellite 
DNA. 
,Angle strands or satellite 	prepared by s l deI ity 
gradient centrifugation show a high degree of purity. 	itandom 
contamination of mouse single strands by major band material 
does not exceed IOYQ and only the 11-strand is liable to be 
contaminated (Flamm, et .1., 1969). 	Guinea pig satellite 




Preparation of DNA. 
DNA was prepared from mouse liver and guinea pig liver 
by phenol extractor in the presence of sodium dodecyl sulphate 
and trichloracetctepH6.8 as described by McCallum and Walker 
(1967). 
Isolation of single strands from DNA. 
Mouse satellite DNA was prepared using CsCI density-
gradient centrifugation and the complementary strands were 
isolated on alkaline CaCI gradients (Flamm, McCallum & balker, 
1967). 	Mouse L-strand was prepared also by centrifugation of 
whole DNA on alkaline CsCI gradients as were the a-strands of 
guinea pig satellite (Walker, 1968; Flamm, McCallum & Walker, 
1968). 	DNA was recovered from CsC1 fractions by diluting 
pooled fractions from CsCl gradients to give a density less 
than 1.2 g.cm. 3 and pelleting the DNA at 60,000 r.p.m. for 
12 hr. in a M.S.E. superspeed centrifuge. 
Neomycin treatment of DNA. 
Whole DNA at a concentration of 200-500 pg/ml. in water 
was denatured by heating at 1000  for 5 mm. followed by rapid 
cooling. 	Neomycin as added to give a concentration of 100 .g/m1. 
and the mixture was allowed to stand at room temperature for 
1 hr. 	5 vol. of 3 M-NaC1 was added followed by 2 vol, of 
ethanol and the DNA recovered by centrifugation at 6,000g for 
10 mm. 	The ethanol precipitation was repeated twice, and the 
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final pellet dried in a stream of nitrogen and dissolved in 
water. 	Satellite single-strands were treated in the same ay 
except that the DNA concentration was 20-50 pg/ml. and neomycin 
was added to SO .ig/ml. 	Alternatively to ethanol precipitation 
the single-strands were recovered by centrifugation in a M.S.E. 
superspeed centrifuge at 65,000 r.p.m. for 6 hr. at 10 ° , dried 
and dissolved in water. 
Measurement of polypeptide synthesis In vitro. 
Reactions were carried out in volumes of 0.1-1.0 ii, at 
370• 	Incubation mixtures contained per ml.: 50 jAmoles  
trio-HCI (pH 8.1), 10 jimoles magnesium acetate, 50 moles 
NH4C1, 10 Mmoles glutathione, 0.2 pmole GTP, 1.0 iimole ATP, 
5.0 ê.tmoles phosphoenolpyruvate, 20 pg. pyruvate-kinase, 2 ng. 
S30 protelo and 10-100 pg. neomycin-treated 	 t  [ 	-is 
added eith r 5-20 mmo1es of Ei]_ or [3  lj-labell 	a:no acid 
plus 20 mptnoles al ench unlabelled amino acid or 50 mmo1es of 
r1 41 . 
L 	Jprote in hydrolysa te 1 dus 20 ru t moles of each unlabelled ai:io 
acid not present in the hydrolysate. 
Amino acid incorporation was measured and labelled 
polypeptides prepared as described In Part I. 
Amino acid analysis of polypeptides. 
Polypeptides were dissolved in 0.2 ml. 6 N-HCI and sealed 
in evacuated pyrex tubes, followed by hydrolysis for 20 hr. at 
1050 and removal of the HCI by evaporation in vacuo. 	The 
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acids separated on ihatman No. I paper as shown in Fig. 1. 
Chromatography was used for the first dimension and the paper 
developed for 16 hr. in a descending system of n-butanol-acetic 
acid-water (4:1:5 by vol.). 	High voltage electrophoresis was 
then carried out in a formic acid-acetic acid-water system 
(25:87:863 by vol.) pH 1.9 at a potential of 80 V/Cm. for 
25 min, using a white-spirit coolant. 	The amino acid spots 
were detected with 1NS 	trinitrobenzene-1-sulphonic acid) 
reagent. 	The paper 	,prayed with saturated sodium 
tetraborate/methanol (1:1 by vi.), allowed to dry and then 
dipped in a 0,1, solution f NB 	acetone. 	After drying 
in the dark, the yellow spot: ee cut out and counted in a 
scintillation counter. 
Other methods were as described In Part I. 
Materials, 
Calf-thymus DNA and neomycin were purchased from Sigma 
Co. 	Isotopically-labelled amino acids were obtained from the 
Radiochemical Centre, Amersham; specific activities as stated 
In the text. 
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kESU.TS 
1, Characteristics of the in vitro system. 
Fig. 2 shows the effect of DNA-te.plate concentration on 
114c1 ieucine incorporation into acid-precipitable material in 
the E. coil cell-free system. 	Reactions were carried out 
14 in volumes of 0.1 ml. containing 10 inmo1es/mi. i.
1 j1 
leucine 
(83 mc/m-mole). 	20 mmoles/ml, of each unlabelled amino 
acid except leucine, 1.2 mg/mi. 530 protein and neomycin-treated 
denatured mouse liver DNA (Nm-Mo DNA) as Indicated, 	Other 
components were as described In Methods and incubati 	was 
carried out for 1 hr. at 370, 	Maximum incorporation is 
observed at low template concentrations compared with bacterio- 
phage RNA (see Part I ) . 	Addition of excess template causes 
inhibition of polypept,ide synthesis probably because of 
competition for ribosomes. 	The effect of S30 protein 
concentration on amino acid incorporation into acid -precipitable 
material Is shown in Fig. 3; the reaction mixtures contained 
114 1 
I. Cjleucine and unlabelled amino acids as described above and 
100 Lg/mi, Nm-Mo DNA, 	Increase In S30 protein concentration 
gives an increase in amino acid incorporation with DNA whereas 
with bacteriophage RNA a levelling-off Is observed (Part I). 
The different characteristics of DNA- and phage RNA-primed amino 
acid incorporation (Part I) may be due to an ability of 
denatured DNA to bind many more ribosomes than bacteriophage RNA. 
Table 1, shows that addition of ribosomes to the reaction mixture 
Fig. 2. 	The effect of DNA concentration upon amino acid 
incorporation in the cell-free system in the 
presence of neomycin. 
El: 200 	400 











Fig. 3. 	The effect of S30 protein concentration upon 
amino acid incorporation in the cell-free system 
in the presence of neomycin. 
I;     
0 	I 	2 	3 
Mg. S30 protein /mi. 
PW 
Table 1. The effect of excess ribosomes and S100 protein 
on polypeptide synthesis in the E. coil cell-free system In 






Ribosorne s [14c] Leucine incorporation  
(100 jg/ml.) (mg/mi.) (mg/mi.) 
(mg/mi.) (cpm/0.5 	l.) 
1.2 - - 11,300 
Nm-11 1.2 1.4 - 5,500 
1.2 - 1.2 2 9 600 
1.2 - - 7,80 
ZIK/1RNA 1.2 1.4 - 3 1 E0O 
1.2 - 1.2 4 9 00 
Reactions were carried out in volumes of 0.5 ml. as 
described in the text. 
* The following abreviations are used: Nm neomycin; 11, L 
strands, heavy and light strands (referred to the relative 
buoyant densities in equilibrium gradient centrifugation); 
dM0, dGP denotes non-neomycin treated denatured DNA; 
Mo mouse; OP guinea pig. 
_ C 5- 
causes i n Increase iAith Nm -flo UN.. but nut Lt1i bacteriophage ANA; 
addition of S100 causes a decrease in amino acid incorporation 
In both cases. 
2. Kinetics of amino acid incorporation in the E. colt cell-
free system with neomycin-treated DNA templates. 
The complementary strands of mouse satellite DNA and the 
complementary a-strands of guinea pig satellite are effective 
templates in the E. coli cell-free system in the presence of 
neomycin. Nm-denatured mouse DNA and Nm-single strands from 
mouse satellite shjv ujii. ru:L 	ly t ;, ~ - ai :ic, , ctivitS 	hen te 
incorporation of 	 tH2sured  
U • 2 r I • 	ui ' 1_ 1 I i.  
[14 (,]  CJ —Iflct., , 	 St..' 	,_:.3.L;5,H:. 	0 7 	tCriuC 
unlabelled amino acid, 20 ig/ml. Nm-DNA, and other components as 
described in Methods. 	The control mixture contained 20 .'g/ml. 
of untreated heat-denatured mouse DNA; incubation was carried 
out at 370  for 1 hr. and trichioroacetic acid-precipitable was 
assayed in 10 i.J. samples as described in Methods. 	hhen the 
Inc rport or of -if. an i no ac 	:j xture f c] protein hyroiys; e ) 
is n'-urd it is a.iparent th.t the mouse satellite I1 — strnd 
is slightly more efficient than the L — strand as a template 
(Fig. 5). 
Nm-denatured guinea pig DNA and satellite a-strands have 
different template activities but the same kinetics of incorpor -
tion in the cell-free system (Fig. 6). 	Incorporation of 
Fig. 4. 	[14C] arginine incorportiuri in the cell-free 
zystem in the presence of denatured mouse DNA 
IS), Nm-treated denatured mouse DNA (s), 
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Fig. S. 	Incorporation of an amino acid mixture in the cell- 
fr:c system in the presence of denaturui mose DN, 
•;, Nm-treated denatured mouse DNA 
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Fig. 6. 	Incorporation of an amino acid mixture in the cell- 
free syEten in the presence of denatured guinea 
pig ur':. (s), Nm-treated denatured guinea pig DNA 
(h), Nm—treated guin 	i. satci.lite Ha-str2nd 
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[14 C] pr t 	ii hyci ro ly 	te 	;i s. 	rd 	e c r t be 	-ii v.: in 
volumes of 0.2 ml. containing 20 mILmolea/ml. [14c]protei.n 
hydrolysate (54 mc/xn-atom C) and 8 pg/ml. DNA. 	The Ha- 
strand shows least activity and the activity of the La-strand 
is about 5€ of that observed with denatured guinea-pig DNA 
in the presence of neomycin. 
3. Molecular weight measurements on polypeptides made in the 
E. coil cell-tree system primed with neomycin-treated DNA. 
After electrophoresis oit polyacrylamide gels in the 
presence of sodium dodecyl sulphate, the mobility of each 
protein was found to be proportional to its molecular weight. 
Fig. 7 shows a standard curve constructed for proteins of 
known molecular weight. 	The proteins and their molecular 
weights are as follows: cytochrome C (horse heart), 12,400 
(Margoliash, 1962); rlbonuclease (pancreatic) 13,700 (Hirs, 
Moore & Stein, 1956); bacteriophage ZIK/l coat protein, 12,500 
and coat protein dimer, 25,000 (J.w. Robinson, unpublished 
results); ovomucoid, 27,000 (Fredericq & Deutsch, 1949); 
deoxyribonuclease I 31,000 (Lindberg, 1967); lactate 
dehydrogenase subunit, 34,000 (Apella & Markert, 1961); 
peroxidase 40,000 (Maehly, 1955); serum albumin (bovine) 
65,000 (Hughes & Dintzis, 1964). 
Protein at a cincentratlon of 1 mg/mi. was incubated at 
37° for 2 hours in 0.31 M-Na 2HPO4-NaH 2PO4 , p11 7.2 containing 
1 (w/v) sodium dodecyl sulphate and 1 mg/mI. dithiothreitoi. 
Fig. 7. 	The molecular weight of proteins related to the 
distance migrated during electrophoresis on 
polyacrylamide gel. it p'b  is the distance 
migrated by protein related to the distance 
migrated by a bromophenol blue marker. 
Molecular Weight 
0 




50 V1. samples were mixed with 0.2 vol. 2 %I-sucrose containing 
0.01,0 bromophenol blue and applied to polyacrylamide gels. 
Electrophoresis was carried out for 3 hr. as described in 
Methods, and the position of the bromophenol blue marker band 
was measured using a densitometer. 	The gels were stained with 
l. amido black lOB in io,.; (v/v) acetic acid for 15 min, and 
excess stain ias removed by soaking the gels in several changes 
of ethanol-acetic acid-hater (4:1:5 by vol.). 	%hen destaining 
was complete the gels were allowed to stand overnight in 10,.. 
(v/v) acetic acid and the position of protein bands iieaured 
in a "Chromoscan" densitometer. 
Labelled polypeptides made in the E. coli cell-free system 
primed with Nm-treated DNA were isolated and electrophoresed 
on polyacrylanilde gels as described in Methods. 	Figs. 8 and 9 
show typical patterns of 114,J- protein hydrolysate-labelled 
polypeptides made from Nm-tred denatured mouse and calf thymus 
DNA respectively. 	It appears that more high molecular weight 
material is made from calf-thymus DNA but it is not clear why 
this is so. 
hen untreated but denatured mouse DNA is used as a template 
no significant peaks are observed (Fig, 10a) but in the presence 
of neomycin, this DNA gives rise to a large number of polypepticles 
as shown by the complex profile (Fig. lob). 	hhen Nm-treated 
mouse satellite single strands are used as templates, relatively 
simple profiles are obtained (Fig. loc,d). 	Those from the Li- 
Fig, S. 	Polyacrylamide gel electrophoresis of labelled 
polypeptides produced in the cell—free system 
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Fig. 9. 	Polyacrylamide gel electrophoresia of labelled 
polypeptidea produced in the cell—free system 
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Fig. 10. 	Polyacrylamide gel electrophoresis of labelled 
polypeptides produced in the cell-free system 
in the presence of (a) denatured mouse DNA, 
(b) Nm-treated denatured mouse DNA, (c) No-
treated mouse satellite 11-strand and (d) Nm-
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Fig, 11. 	Polyacrylamide gel electrophoresis of labelled 
polypeptides produced in the cell-free system 
in the presence of (a) denatured guinea pig 
DNA, (b) Nm-treated denatured guinea pig DNA, 
(c) Nm-treated guinea pig satellite H-strand 
























Table 2. 	Approximate molecular weights of polypeptidea made 
fron mouse satellite DNA single strands and the lengths of 
the corresponding base sequences. 
Peak Molecular No. of Amino icids 
No. Vieig1itxl0 3  
1 41.0 303 
2 31.8 236 
3 25.0 185 
4 22.0 163 
4a 19.3 143 
4b 15 1 0 111 
5 12.0 89 
6 10.4 77 
7 9.2 68 












* Calculated from the amino acid compositions shown in Table 9. 
Table 3. 	Approximate molecular weights of polypeptides made 
from guinea pig satellite a—single strands and the lengths of 
the corresponding base sequences. 
Peak Molecular No. of 	mino Acids 
No. eightxl0 3 (Mol..t./l29*) 
1 26.4 205 
2 20.4 158 
2a 21.5 167 
2b 17.6 136 
3 13.7 106 
4 11.5 89 
5 9.7 74 
Length of Base 
Sequence 








* Calculated from the amino acid compositions shown in Table 10. 
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and i-strand polypeptidea are almost Identical and differ from 
that obtained with Nm-treated denatured mouse DNA. 	There 
appear to be three main products (peaks 5,6,7) which have 
molecular weights of about 10,000, and several minor polypeptides 
of higher molecular weight. 	Approximate molecular "eights of 
the polypeptide peaks are shown in Table 2 together with the 
lengths of corresponding base sequences. 
Whereas mouse satellite single-strand polypeptides give 
Idetical profiles on polyacrylamlde gels the guinea pig 
satelUte cx-single-strand products are different (Fig. 1-1c,d). 
The l ,ht strand product labelled .itn [ 14 cJ protein hyir. 'ute 
gives two major peaks (4,5) of molecular weight about 10,000. 
The Ha-strand gives three polypeptides (peaks 3,4,5) of about 
10,000 molecular weight and one larger polypeptide of about 
30,000 in molecular weight. 	Table 3 shows the approximate 
molecular weight for each peak. 	Peaks 4 and 5 are present in 
the polypeptide products of both strands. 
4. Th 	no acid composition of the polypeptide products made 
in the ... c11 cell-free system primed with neomycin-treated DNA. 
(a) Calculation of the probability of incorporation of amino 
acids from the nucleotide composition of template DN.. 
In order to calculate the probability of incorporation of 
an amino acid It is necessary to find the probability of 
particular amino acid codons occurring in the template. 	This 
is obtained from the probabilities of the 20 possible nucleotide 
Table 4. 	Base composition of the complementary strands of 
satellite DNA. 
Mole ,/7; of Base 
Base 	
Mouse Satellite DNA 	Guinea Pig Satellite DNA 
H-Strand 	L-Strand Ha-Strand 	La-Strand 
C 	22.1 14.3 5.2 35.5 
A 	20.7 44.2 19.4 39,2 
C 	12.5 19 1 9 32.3 4.3 
T 	44.7 21.6 43.1 21.0 
Data for mouse satellite DNA from Flamm et al, (1967) and 
for guinea pig satellite DNA from Flamm, \alker & !\cCallum 
(1969). 
Table 5. 	Relative probabilities of occurrence of nucleotide 
trimera in satellite DNA strands. 
% Probability 
Nucleotide Mouse Satellite Guinea Pig Satellite 
Trimer L Strand H Strand La-Strand Ha-Strand 
(ccc) 0.29 1 1 08 4.47 0 101 
(ccA) 2.71 3.03 14.82 0.16 
(CcG) 1.22 1183 1.63 0.26 
(cci') 1 1 33 6.55 7,94 0135 
(AAA) 8,64 0 1 89 6.:J2 0.73 
(AAc) 8138 2.84 16.37 0,59 
(AAG) 11.66 1 1 61 1.98 3.65 
(AAT) 12.86 5.75 9.68 4.87 
(Gcx) 0.79 0,19 0101 3,37 
(GGC) 1.70 1.04 0.20 1.63 
(GGA) 5.25 0.97 0.22 6.07 
(GGT) 2.57 2.10 0.12 13.49 
(TTT) 1.01 8.93 0.93 8 101 
(TTC) 2.00 13.24 4.70 2.90 
(TTA) 6.17 12.41 5.19 10,81 
(TTG) 2.79 7.49 0.57 18 000 
(CAG) 7.55 3.43 3159 1.96 
(CAT) 8119 12.27 17.53 2.61 
(CGT) 3.69 7.41 1.92 4.34 
(AcT) 11.40 6.94 2.12 16.20 
Table 6. 	Relative probability of occurrence of amino acids 
In polypeptides produced from satellite DNA strands. 
, 	Probability 
Mouse Satellite Guinea Pig Satellite 
Amino Acid L Strand H Strand La-Strand Ha-Strand 
Peptide Peptide Peptide Peptide 
ALA 2.86 2.77 1.53 1.68 
ARC 8150 3.63 2.26 4.92 
ASP 3 1 16 1.73 0 1 95 3.03 
ASN 7.01 2.87 8.69 1.82 
CYS 1.55 3.74 0151 6.72 
GLU 5.64 0.86 0.73 3.24 
GLN 4.05 1.52 6.06 0.53 
CLY 3.97 1.56 0.19 10.43 
HIS 2.27 3.06 7.86 0.49 
ILE 7.65 8 1 11 7.88 5.66 
LEU 6.09 16.52 9.38 11.85 
LYS 12.53 1.43 6.68 1 1 95 
MET 1 1 90 1116 0.35 2.70 
PHE 1.68 13.34 2.48 8198 
PRO 2.04 4.88 12.60 0.27 
SER 6.26 11.61 8.41 5.28 
THR 6.32 4.58 13.92 1.02 
TRY 0,86 0.70 0.04 4.50 
TYR 3.43 6.19 4.65 4.04 
VAL 4.31 5.60 0 1 90 13.92 
'Nonsense' 8,02 4.24 3.93 7.02 
Chain 
ation 2,76 1.86 0.39 7.20 
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trimers calculated from the base compositions of satellite 
complementary strands shown in Table 4, 
The probability of occurrence of each nucleotide trimer 
may be calculated from the following equation: 
= (100)3 (at 1+bt 2+ct 3+dt4 ) 3 = 11 
Where a,b,c,d are the percentages of the four bases 
t4(C,,G,T). 	Calculation of factor coefficients from the 
expansion of this equation gives the probability for all possible 
triplets from t 1 ,t 2 ,t 3t4 . 	The results of this calculation for 
mouse satellite strands and guinea pig satellite a-strands are 
shown in Table S. 	It is assumed that for each trimer all the 
possible sequences have an equal chance of occurring. 	Thus, the 
probability for each codon may be found and by reference to the 
genetic code (Tab.e 11) the probability of each amino acid in 
the polypeptide product can be calculated. 	The values for each 
single strand product are shown In Table 6. 
(b) Amino acid analysis of the polypeptides produced In the cell-
free system. 
Polypeptide synthesis was carried out in volumes of 0.5-1.0 
ru. containing 10 ig/ml. Nm-treated DNA, 20 mimoLes /ml. 
[14 ~j 	 - prote i nhydrolysate and other components as described ii'
Metho. 	Incubation was carried out for 90 mm, at 
370  and the 
acid-precipitable material wa isolated and hydrolysed with 
6 N-HCI for 20 hr. at 1050. 	The amino acids were separated 
by chromatography and electrophoresis; each amino acid spot 
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was cut uut :jni Cu.utd for 10 min. L. 	cuntillation counter. 
Background incorporation of amino acids was measured in the 
presence of non-Nmtreated denatured DNA. 	The level of each 
amino acid present in the acid hydrolysates of mouse DNA 
polypeptides and single-strand polypeptide products is shown in 
Table 7 and those for the different guinea pig DNA polypeptidea 
in Table 8. 	Tables 9 and 10 show the amino acid compositions 
of the polypeptides produced from each m-treated template, 
corrected for background incoroporation and expressed as 
mole-%. 
Several interesting features are apparent in these 
tables. 
1) The polypeptides produced from denatured.DNA in the 
presence of neomycin have different amino acid compositions from 
the polypeptides produced with satellite DNA complementary 
strands. 
Niouse satellite single strands produce polypeptides 
which have almost identical amino acid compositions. 	Both 
strands give incorporation of all amino acids into polypeptides; 
arginune, lsoleucine and serine are uncoroporated at high levels. 
The polypeptides produced from guinea pig satellite 
a-strands are different from the mouse single-strand pol.ypeptides 
and from each other, although the La-strand polypeptide and the 
Ha-strand polypeptide contain approximately equal amounts of 
leucine and iso-leucine. 
Table 7. 	Composition or the acid hydrolysatee of total 
peptides made in the cell-free system primed with mouse DNA. 
Radioactive Amino Acid Detected (.moles) 
Amino Acid 
dM0 Mo MOB M0L 
Alanine 0.22 0.34 0.47 0.44 
Arginine 1.11 2.31 3.23 2.76 
Aspartic Acid 0.52 0 1 83 1.62 1.17 
Glutamic Acid 0.71 1.16 1.72 1.40 
Glycine 0.34 0.47 0.84 0 1 55 
Histidine 0.23 0.43 0.32 0.32 
Isoleucine 0.43 1.14 1 1 95 1155 
Leucine 0.35 0.71 0.59 0.68 
Lysine 0.37 0 1 58 0.87 0.63 
Phenylalanine 0.29 0.60 1.02 0.76 
Proline 0.20 0.84 1121 0.96 
Serine 0.52 1.70 1.96 1 1 59 
Threonine 0 1 39 1.46 1.26 1 1 13 
Tyrosine 0.07 0115 0.31 0.25 
Valine 0.27 0.61 0190 0.71 
dMa = 'natured mouse DNA. 
MO = Nm-j rtd denatured mouse DNA. 
MoB, MOL = Nm-treated mouse satellite H and L strand. 
Approximately 85 of the radioactivity incorporated in vitro 
was present in the purified polypeptides. 	90-95 of the activity 
present in the polypeptidea was recovered in the acid h.ydrolysate. 
Table S. 	Composition of the acid hydrolysates of total peptides 
made in the cell-free system primed with guinea pig DNA. 
Radioactive Amino Acid Detected (moles) 
Amino Acid dGP GP GP Ha GP La 
Alanine 0.14 0.22 0.25 0.17 
Arginine 0.57 1.31 0.31 0.69 
AspartiC Acid 0.25 0.48 0.14 0.26 
Glutamic Acid 0.28 0.76 0.23 0.21 
Glycine 0.12 0.2 C 0.12 0.28 
Histidine 0.07 0.17 0.07 0.07 
Isoleucine 0420 0158 0.64 0195 
Leucine 0 1 11 0.23 0.33 0.42 
Lysine 0.10 0.36 0 1 08 0115 
Phenylalanine 0110 0.27 0.30 0.14 
Proline 0110 0.36 0 1 06 0.10 
Serine 0.17 0159 0 1 19 0.38 
Threonine 0111 0.32 0.18 0.32 
Tyrosine 0103 0 1 59 0,04 0,12 
Valine 0111 0.20 0.40 0.37 
dGP = denatured guinea pig DNA, 
GP = Nm-treated denatured guinea pig DNA. 
GPfla, GP i 	Nm-treated guinea pig sate1iie ti and 
ti'iild5. 
Table 9. 	Amino acid compositions of mouse DNA peptides and 
mouse satellite complementary strand peptides. 
Mole i of Amino Acid in Polypeptides 
Amino Acid Mo M0H M0L 
Alanine 1,7 2.1 2.5 
Arginine 16.4 17.3 1817 
Aspartic Acid 4.1 819 7.3 
GlutamiC Acid 6.1 8.2 718 
Glycine 1.8 4.1 2.4 
tilatldine 2.7 0.7 1.1 
Isoleucine 918 12.5 12.6 
Leucine 510 2.0 3.7 
Lysine 2.9 4.2 2.9 
Phenylalanine 4,3 6.0 5.4 
Proline 8.8 8.2 817 
Serine 16.2 11.7 12.0 
Threonine 14.6 7.1 8.3 
Tyrosine 1 0 1 2.0 2.1 
Valine 4.6 511 4.9 
Table 10. 	Amino acid compositions of guinea pig DNA peptides 
and guinea pig satellite complementary strand peptides. 
Mole 	of Amino Acid in Polypeptides 
Amino Acid GP GP Ha GP La 
Alanine 2.0 7,9 1.4 
Arglnine 19.6 - 5.3 
Aspartic Acid 6.2 - 0.5 
Glutamic Acid 12.7 - - 
Glycine 3.7 0.2 7.1 
Histidine 2.6 0.2 0.3 
Isoleucine 10.2 32.1 33.5 
Lee cine 3.3 1615 14.1 
ysine 6.7 - 119 
Phenylalanlne 4.5 14.6 1.6 
Proline 6,8 - 0.1 
Serine 1019 113 8119 
Threonine 518 5.2 9.3 
Tyrosine 115 0.7 4,1 
Valine 3.3 21.3 1119 
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iv) The observed amino acid c.ipo ttons for sate 11ite 
single—strand products differ from those calculated on a 
probability basis. 	However, some amino acids notably leucine 
and isoleucine which have a high probability of incorporation 




Complementary DNA strands isolated from mouse satellite 
DNA and guinea pig a-satellite DNA are effective messengers in 
the E. coil cell-free system in the presence of neomycin. 
The properties of the polypeptides made from the satellite 
single-strand templates are rather surprising, and it is 
therefore necessary to consider the possibility that this 
results from either a misreading of the nucleotide sequence 
or some effect of neomycin other than that hich renders DNA 
directly translatable. 	There is good evidence that neither 
of these possibilities is likely and that the composition and 
sequence of polypeptides made In the cell-free system are solely 
dependent upon the composition and sequence of codons In the 
DNA template. 
Thus, different nucleic acid templates mediate different 
patterns of amino acid incorporation. 	If neomycin behaved in 
the cell-free system asreptomycin does, In allowing denatured 
DNA to stimulate endogenous RNA-primed amino acid incorporation 
(Likover & Kurland, 1967) this ould not be the case and the 
same pattern of incorporation would be observed regardless of 
the rit. 	of the DNA. 	Bret.scher (1968) has recently translated 
slnt! - i'anded DNA from bacteriophage Id in vitro in the 
presence of neomycin. 	Studies using forinylmethionine incorporation 
indicate that peptides formed in the presence of fd DNA are 
homogeneous and their small number suggests that initiation 
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occurs at a limited number of specific sites. 	These facts 
together with the demonstration by Khorana's group that in the 
presence of neomycin synthetic polydeOxyriboflUCleOtides of known 
sequence incorporate the expected amino acids (Morgan, hells & 
Khorana, 1967) provide solid evidence that polypeptide synthesis 
observed with single-stranded UNA in the presence or neomycin 
represents a correct translation of the nucleotide sequence 
contained in the template. 
The polydeoxyriboflUCleOtides t2st.d in tile cel1-11 - ' 
system in the presence of neomycin by Morgan, et al., (1967) 
showed excellent incorporation of the expected amino acids. 
Occasional cases of misreading were observed, but at very low 
efficiency relative to normal incorporations: of the polynucleo-
tides tested poly d-CA showed incorporation of only two amino 
acids, histidine and threonine; poly d-TG gave lntei..ependent 
Incorporation of valine and cysteine in addition to incorporation 
of alanine and slight incorporations of glutamic acid and glycine; 
poly d-T gave incorporation of phenylalamifle and slight incorpora-
tion of leucine (this is also seen with poly r-T in the absence 
of neomycin and is probably not a neomycin-induced misreading); 
poly d-A gave no incorporation but this is almost certainly due 
to the inability of poly d-A to attach to ribosomes, since poly 
dA:poly rU is known to be a very unstable helix (Chamberlin, 1965). 
These results show that the following misreadings can occur: 
for GfJ (valine) T may be read as C (alanine) and to a lesser 
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extent as A (glutamic acid) and G (glycine); for TGT, 5'-T 
may be read as C (arginine). 	In general it appears that I is 
the most likely of the four bases to be misread, usually as C 
and that the neighbouring bases have a great influence on 
misreading. 	Also it appears that misreading is decreased it 
the correct amino acid is present. 
If misreading does occur it is impossible to say hk much 
it contributes to the amino acid compositions observed for the 
polypeptides made from satellite single-strand templates in 
the presence of neomycin. 	The satellite H strands which 
contain approximately 40% T will contain more codons which could 
be misread than the 1. strands but it is apparent from the amino 
acids Incorporated that misreading could occur only to a 
limited extent. 	Thus, in the case of the guinea pig satellite 
H a-strand it is possible that some of the alanine incorporation 
may be due Lj misreading of valine Codons but this would only 
account for a maximum of lO/o of the observed alartine incorpora- 
tion. 	It seems fairly certain that the satellite single- 
strand peptides are accurate translations of the nucleotide 
sequence of the template molecule and that little misreading 
occurs. 	Consequently, there remains the problem of explaining 
how complementary strands of mouse satellite DNA can give 
polypeptides of the same amino acid composition whereas guinea 
pig satellite strands give rise to polypeptides of different 
amino acid composition. 
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The structure of the genetic code established for E, coil 
B is shown in Table 11. 	Some points concernig the code are 
relevant to this discussion: (a) amino acids generally have 
two or four codons with the exception of methionine and 
tryptophan which each have a single codon, isoleucine which 
has three and arginine, serine and leucine which have six each; 
(b) arginine has two sets of codons of the type AG-purine and 
CCX, leucine two sets of the type UU-purine and CUX, and serine 
two sets of the type AG-pyrimidine and UCX; (c) two codons, 
AUG and GUG have two meanings each standing for amino acids 
or for chain initiation signals; (d) there are three 'nonsense' 
triplets UGA, UAG, UAA which cause chain termination. 
Mouse satellite complementary strands have very different 
base compositions (Table 4) and an analysis of pyrimidine runs 
has shown that these differ in distribution and composition for 
each strand (E.1i. Southern & A. Carr-Brown, unpublished results). 
These observations together with the amino acid compositionq of 
the single-strand products (Table 9) indicate that all of the 
codon types may be present in the mouse single strand. • 	ie 
polypeptide products of both strands contain high perce,es 
of arginine and serine, and as stated above these amino acids 
have two types of codon. 	This, together with the possible 
variation of the third nucleotide of nearly all codons might 
account. for the identicl amino acid compositions of both 
single-strand products. 	It should be noted that although 
the polypeptides have the same composition their amino 
acid sequences may be quite different and 
Table 11. The genetic code as established for E. coil. 
First Second Letter Third 
Letter U C A G Letter 
U UUU phe UCU ser UAU tyr UGU Cys U 
U UUC phe UCC ser UAC tyr UGC Cys C 
U UUA lea UCA ser UAA 'Nonsense' UGA 'Nonsense' A 
U UUG lea UCG ser (JAG 'Nonsensd UGG Trp G 
C CUU leu CCU pro CAU His CGU Arg U 
C CUC lea CCC pro CAC His CGC Arg C 
C CUA leu CCA pro CAA Gin CGA Arg A 
C CUG lea CCG pro CG Gin CGG Arg G 
A AUU lie ACU thr AAU Asn AGU Ser U 
A AUG lie ACC thr AAC Asfi AGC Ser C 
AUA lie ACA thr AAA Lys AGA Arg A 
A AUG met ACG thr AAG Lys AGG Arg G 
(C. I) 
G GUU val GCU ala GAU Asp GGU Gly U 
G CUC val G C C ala GAC Asp GGC Gly C 
G GUA val GCA ala GAA Giu GGA Giy A 
G GUG val GCG ala GAG Glu GGG Gly G 
The first letter Is at the 5 1 —hydroxyl end. 
C.I. stands for chain initiation* 
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experiments are in progress to see if this is so. 
Reference to Table 12 which shows the amino acids specified 
by each codon and those specified by the corresponding anticodons 
indicates that if a template molecule mediates the Incorporation 
of leucine, isoleucine, valine and phenylalanine the complementary 
strand should contain codons for glutamic acid, aspartic acid, 
asparagine, glutamine, lysine, histidine, tyrosine and chain 
termination. 	The failure to detect any of these amino acids 
to any great extent in the guinea pig single-strand polypeptide 
products (Table 10) could have several causes assuming that the 
codons do not specify asparagine and glutamine which Cannot be 
measured by acid hydrolysis. 
First, the reading frame for each strand may not coincide 
so that the codons translated on each strand are not exactly 
opposite, which Implies that Initiation sites for translt'on 
are severely restricted. 	Under the conditions used in these 
experiments (10 mM magnesium concentration) initiation sites 
are not required and three readings of each strand should be 
possible. 	Nevertheless it appears that there is only one 
reading for each strand and that there is some constraint on 
Initiation. 	Although an initiation site is not essential for 
translation its presence does facilitate that process and It is 
just possible that the codons AUG,GUG which recognise the 
initiator forrnylmethionyl-tRIA (Ghosh, S611 and Khorana, 1967) 
are present in the satellite strands and act as initiation 
Table 12. The amino acid specified by each codon related to the amino acid 
specified by the corresponding anticodon. 
AA1 Anti- 




Cod Codon I 2odon 
phe AAA lye ser AGA arg tyr AUA lie Cys ACA thr 
phe GAA glu ser GG gly tyr GUA val Cys GCA ale 
ieu UAA 'Nonsense' ser UGA 'Nonsense' 'Nonsense' UUA ieu 'Nonsers& UA cr 
ieu CAA gin ser CGA arg 'Nonsense' CUA leu Trp CCA pro 
leu AAG lye pro AGG arg His AUG met Arg ACG thr 
leu GAG glu pro GGG gly His GUG val Arg GCG ale 
leu UAG 'Nonsense' pro UGC trp Gin WiG leu Arg IJCG ser 
ieu CAG gin pro CGG arg Gin CUG leu Arg CG pro 
Ile AAU asn thr AGU ser Asn AUU lie Ser ACU t.hr 
Ile GAU asp thr GGU gly Asn GUU val Ser GCU ale 
Ile UAU tyr thr UGU cys Lye IJUU phe Arg UCU ser 
met CAU his thr CGU arg Lye CUU leu Arg CCU pro 
val AAC asn ale AGC ser Asp AUC ile Gly ACC thr 
val GAC asp ale GGC gly Asp GUC vai Gly GCC ale 
val UAC tyr ale UGC cys tlu UUC ptie Gly UCC ser 
val CAC his ale CGC arg Glu CUC leu dy CCC pro 
AA  is the amino acid specified by the codon. 
AA  Is the amino acid specified by the anticodon. 
The first letter of each antiCodon is at the 5'-hydroxyl end. 
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sitC-. 	it tIti- 	 ,.CU['  
formylmethionyitRNA is thought only to act as an Initiator 
of bacterial and bacteriophage proteins. 
It is possible that the number or Initiation sites may be 
restricted because of some property of the nucleotide sequence 
of the satellite single strands. 	Repeating tetra nucleotide 
sequences of the type (ABCD) have been shown to produce 
repeating polytetrapeptides independently of starting point when 
translated in the cell-free system (K8ssel, Morgan & Khorana, 
1967). 	Thus, poly-UAUC gives rise to (tyr-1eu-ser-ile) and 
poly-UUAC to (1eu-leu-thr-tYr). 	Whilst it is possible that 
guinea pig satellite has a fairly simple sequence this kind of 
effect is unlikely to occur as will be shown later. 
Second, polypeptides produced from either of the guinea 
pig single strands contain high proportions of leucin ;nd the 
L strand polypeptides have a fairly high serine content (Table 10). 
If these amino acids are specified mainly by the triplets UUA,CUA 
for Leucine and UCA for serine the complementary strands will 
contain many triplets for chain termination. 	This might prevent 
some sections of the DNA sequence from being translated but even 
if the proportion of chain termination triplets is of the order 
of 15% and these triplets are evenly distributed there should 
be sequences of about ten codons which could give rise to 
peptides. 	No small peptides have been detected in the non- 
trichioroacetic acid precipitable material present in the 
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cell-free system when satellite single-strands are translated. 
It is possible that if, as has been suggested, the reading 
frames for each strand are out of register the number of chain 
termination triplets may be much higher than that suggested 
above, 	oly-GUAA and poly-AUAG which are known to contain 
chain termination codons, and should give rise to di- and 
tri-peptides, have no activity in the cell-free system (Kdssel, 
et al., 1967). 	Thus, sequences of this type may be present 
in satellite DNA strands. 
The base compositions of the complementary strands of 
guinea pig a-satellite show greater difference than those of 
mouse satellite strands, and because one base is almost absent 
from each of the guinea pig satellite a-strands, certain 
codons have little chance of occurring in each strand. 	The 
Ha-strand which has a low C content is unlikely to cont;i.' 
codons with C in the first or second position, and amino acids 
whose codons are of this type are unlikely to show significant 
Incorporation in vitro. 	Similarly, amino acids whose codons 
have C in the first or second position are unlikely to show 
much incorporation when thi La-strand is used as a template. 
An examination of the amino acid compositions of the polypeptides 
made in vitro in the presence of each guinea pig strand confirms 
these predictions. 	Approximately 5 C in the Ha-strand is 
required to account for incorporation of amino acids with 
C-containing codons and approximately 10,i-'G In the La-strand 
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to account for amino acids with C-containing Codons. 	These 
figures agree reasonably well with the observed base compositions. 
Some information is available on the occurrence of 
pyrimidine sequences in guinea pig satellite complementary 
a-strands and Table 13 shows the relative numbers of pyriiaidine 
isopliths present in each of the guinea pig satellite ct-strands 
(E.M. Southern, unpublished results): the least abundant 
isoplith in each case has been given a frequency of 1 and the 
others are expressed relative to this. 	The data in the table 
were obtained by labellii' vrimidine tracts present in a 
r- i 
digest of each strand With I JATP in the presence of •.TP kinase 
and separating the tracts by two-dimensional electrophoresis. 
Pyrimidine monomers cannot be measured by this technique, and 
as there is a possibility of preferential labelling of the 
shorter tracts these results cannot be assessed quantitatively. 
Nevertheless, the qualitative difference in the pyrimidine 
sequences of guinea pig satellite single strands is shown very 
well, 	It is interesting to note that no pyrimidine isoplith 
above the length of tetramer appear to be present in gul[ 
pig satellite i-strands. 
A priori the amino acid compositions of the guiie ji 
single-strand peptides agree quite well with the pyrimidine 
isopliths detected in each strand. 	Thus, the amino acids 
Incorporated into the H-'trand product (leucine, isoleucine, 
valine and phenylalanine) all haYC at least one codon containing 
Table 13, Relative frequency of pyrimictine tsoplittts in 
guinea pig satellite complementary a-strands. 
Pyrimidine Relative Frequency 
Isoplith Ha-Strand La-Strand 
(cc) - 29 1 8 
(CT) - 63 0 3 
(TT) c9.6 2.6 
1 1 0 
(c2r) - 13 1 1 
(CT 2 ) 3.4 3.4 
(1' 3 ) 13.5 - 
(C4) - 14.6 
(c 3T) - - 
(C2T,) - 12.7 
(CT 3 ) 1.0 119 
(T4 ) 1.9 - 
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UpUp dimer; similarly, the majority of the amino acids 
Incorporated into the La-strand product (leucine, isoleucine, 
valine, serine, threonine, phenylalanine and alanine) have at 
least one codon containing a UpCp or a CpUp dimer. 	However, 
a closer comparison of amino acid composition and pyrimidine 
isopliths reveals some anomalies. 	The La-strand contains the 
pyrimidine dimer CC and because codons of the type CCX specify 
pruline, the failure to detect pruline in the La-strand peptide 
product means that either all the CC dimers occur in parts of 
the strand that are not translated or that CC never occupies 
the first two places in any Codon. 	Similar considerations 
apply to GG dimers in the Ha-strand. 	It is possible that the 
tertiary structure of the satellite strands only allows certain 
sequences to be translated. 	Poly-dAT is known to form a 
highly hydrogen-bonded structure and if sequences of this type 
are present in the satellite stranJ they would not be translated. 
hilst mouse satellite complementary strands may contain such 
sequences there is no evidence for their presence in guinea pig 
satellite strands. 	Thus, it would appear that translation of 
the guinea pig strands In the cell-free system can start only 
at a limited number of sites. 
Mouse satellite complementary strands will reassociate 
with themselves as well as with each other. 	Each strand 
shows about 15/0'self-renaturation under the same conditions 
that the complementnry strands show 60 renaturation (Flainm, 
et al,., 1967). 	Ti i. nit. tL cse ith guinca pig u-stclite 
M 	the c; pi'nritry trnUs ii. ii renature only %ith each 
other. 	Thus, each mouse satellite strand must contain fairly 
long sequences which are complementary or nearly so, whereas 
these intra-Strand complementary sequences are absent in guinea 
pig satellite. 	As the mouse strands are complementary It is 
evident that these intra-strand sequences are the same in both 
strands. 	It is therefore tempting to assume that only the 
intra-strand sequences are translated and this would explain 
why the polypeptide products of the mouse atraaida are identicl. 
This hypothesis can be checked by experiment; it is possible 
to isolate the self-renaturing material from each strand and 
to measure the template activity of each fraction in the E. colt 
c-11-free system in the presence of neomycin. 	It is possible 
r intra-strand complementary sequences from 
- 	lite could account for the different pertide 
cive sequence of mouse satellite DN. 	The kinetics 
naturatIon indicate that there is a single sequence 
it 300-400 base pairs in length (Waring & Britten,, 1966) 
eas calcuiLtions based on the occurrence of pyrimidine 
oplith indicate a series of sequences of 200, 400, 800 
and 1600, base pairs (E,'. -outhern & A. Carr-Brown, unpublished 
work). 	The polypeptides produced from mouse satellite 
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strands have molecular weights corresponding to sequence lengths 
of approximately 200, 250 9 300, 500, 550 9 700 and 900 bases, 
which agree to some extent with the latter estimate. 	An 
important proviso is that it is not known whether the poly-
peptides made in the cell-free system correspond to the 
satellite repetitive sequences, and it is difficult to see 
how this might be tested experimentally. 
The guinea pig satellite single-strand products are 
simpler than those of mouse satellite. 	The La-strand 
produces mainly two low molecular weight products corresponding 
to base lengths of about 200 and 250 whereas the Ha-strand 
products correspond to base lengths of about 200, 250, 300 9 
500 and 600. 	It is apparent that for mouse and guinea pig 
satellites the longer base lengths could be made up from the 
shorter. 	Thus, it is possible that there are two or three 
basic sequences and that there are several different arrangements 
of these in the satellite strands. 	Another possibility is that 
these sequences are separated by chain termination triplets 
which may be misread to give the longer peptides. 
Experiments are in progress to see if the polypeptides In 
each molecular weight fraction are homogeneous and whether or 
not the peptides made from each strand have common sequences. 
This should provide the evidence to show if there are different 
sequences in each satellite strand. 
Studies a" 	iSO in hand on the direct translation in the 
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. coil cell-free system in the presence of neomycin of 
complementary strands isolated from the repilcative-form of 
bacteriophage ØX 174 DNA. 	One of these strands, the mature 
bacteriophage DNA, is identical to the bacteriophage messenger 
RNA (fisyashi, Hayashi & Spiegelman, 1963) and therefore contains 
cistrons which code for the phage proteins. 	Thus, it will be 
possible to compare the properties of polypeptides made from a 
DNA template which contains information for specific proteins, 
with those of the polypeptides made from its complementary 
strand. 	Consequently, translation of bacteriophage 
complementary DNA strands can be used as a model for the 
complementary strands of satellite DNA which may not be 
transcribed or translated in vivo (Flamm, %alker & McCallum, 
1969). 
It is important to note that in the experiments described 
herein DNA of mammalian origin is directly translated in a 
bacterial cell-free system. 	The genetic code has been 
established for E. colt but the available evidence indicates 
that the code is universal and that identical codons specify 
the same amino acids in all organisms, althougcodons for one 
amino acid may be used to differing extents in different 
organisms (Marshall, Caskey & Nirenberg, 1967; Caskey, 
Beaudet & Nirenberg, 1968). 	It has been postulated that there 
are differences in the initiation mechanism between . coil and 
higher organisms: higher organisms appear to use Valyl-tRNA 
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(Arnstein & Rahamimoff, 1968) or a modified valyl-tRNA 
(Laycock & Hunt, 1969) as an initiator. 	An Interesting 
experiment would be to compare the satellite single-strand-
mediated amino acid incorporation in the E. coil cell-free 
system with that in a mammalian system. 	It may be possible 
to detect whether or not there are any true initiation sites 
in the satellite strands and thus whether or not they code 
for protein in vivo. 
The evidence available at present Indicates that satellite 
sequences are highly organised and are not random sequences. 
If they are highly organised they presumably have some function 
but the results presented in this report give few clues as to 
the nature of this function. 	Hybridisation studies have failed 
to detect any cellular RNA that is complementary to satellite 
sequences but it is still possible that one or both DNA strands 
are transcribed into RNA. 	Translation of the satellite 
sequences yields highly unusual proteins; the amino acid 
Compositions of some naturally occurring proteins is shown 
in Table 14 (Tristram & Smith, 1963) and it is obvious that 
the proteins produced from satellite single-strands in vitro 
are quite different from any protein analysed to date. 	If 
these proteins are made in vivo their only possible function 
appears to be structural. 	The guinea pig single strand 
peptides would be particularly 'glue-like' and insoluble. 
It is unfortunate that the guinea pig satellite a-single strands 
Table 14. 	Amino acid composition of some proteins (from 
Tristram & Smith, 1963). 
Mole A of Amino Acid 
Amino Haemoglobin Cytochroznec Pepsin Histone Collagen 
Acid i-Chain (Horse (Bovine) (Calf (Python (Human) Heart) Thymus) Skin) 
Gly 4.9 1117 11.0 8.4 3015 
.la 14.1 6.0 5.2 13.5 12.1 
Ser 715 0 12.9 5.8 4.2 
Thr 6.0 9,4 8.2 5.7 1.7 
Pro 5.1 3.9 4.4 5.0 11.6 
typ 0 0 0 0 9.9 
Val 9.2 2.4 6.2 6.2 1.9 
< .1 6.0 7.9 4.3 1 1 2 
Le .8 6 1 0 8.2 7,7 2.4 
Phe 4.9 3.5 4.2 2.1 1.4 
Tyr 210 4.0 5.3 2.5 0.2 
Trp 0.6 1.1 1.7 0 0 
Cys 0.6 rid 1.2 0 0 
tet 1,4 1,5 1.4 110 
Asp 8.3 7.8 12.8 4.8 4.7 
Glu 3.6 12,1 7,9 8,2 6 1 0 
Arg 318 2.1 016 8.3 4.8 
His 1,0 2.3 013 2,0 0.4 
L.ys 7.7 20.1 003 14.8 2.7 
Hyl 0 0 0 319 
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cannot be purified as these probably have quite different 
properties from those of the a—strands. 
The great difficulties in suggesting any function for 
satellite DNA are that this DNA fraction is pr:sent Pt 
different levels in different organisms and that the sequences 
appear to be completely unrelated. 	Thus, whilst guinea pig 
ct—satellite DNA may be organised on a simple pattern of purina 
and pyrimidine dimers, mouse satellite DNA is more complex. 
It may be that satellite sequences are not as different as they 
appear and that they conform to a basic pattern. 	This 
hypothesis must await the outcome of further research. 
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SUMMARY 
11 	Satellite DNA single strands are effective templates in 
the E. coil cell-tree system in the presence of neomycin. 
2, 	Each single strand produces several polypeLides with 
molecular heights rangin; from 10,000 to 40,000. 	The mouse 
satellite single strands produce polypeptides of identical 
molecular weights i,a approximately the same proportions. 
Guinea pig a-strand polypeptides show different distributions. 
31 	Mouse satellite single-strand total polypeptides have 
Identical amino acid compositions and these are different from 
the composition of total polypeptides produced from denatured 
mouse DNA In the presence of neomycin. 	The mouse aingl- 
strand polypeptides contain all amino acids but guinea pi 
a-strand polypeptides do not. 	The Ha-strand polypeptide is 
composed mainly of leuciue, isoleucine, valine and phenylalanine 
and the La-strird polypeptide mainly of leucine, isoleucine, 
valine, serine, threonine and glycine. 
Single-strand polypeptides are unlike any known protein 
In their amino acid compositions. 
4. 	Comparisou of the observed amino acid compositions with 
those calculated from the probability of occurrence of 
nucleotide trimers indicates that satellite DNA has a highly 
ordered nucleotide sequence. 
S. 	Comparison of the guinea pig u-strand j.ulypeptide amino 
acid compositions with the relative number and type of pyrimidine 
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sequences present in each strand indicates that translation 
starts only at a limited number of sites. 	It is also possible 
that only parts of each strand are translated In the L. coil 
cell-free system. 
6. 	Satellite DNA may contain more than one repeating 
nucleotide sequence in each strand. 
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Preparations." 
This thesis concerns the use of an E. coil cell—free system to 
study the translation of the genome of the RNA bacteriophage ZIK/l, and 
for the characterisation of polypeptides produced by the direct transla-
tion in the presence of neomycin, of single—stranded DNA Isolated from a 
fast—renaturing fraction of rodent DNA. 
Part I. 	ZIK/l coat protein differs from other RNA—phage coat 
proteins; the monomer has a molecular weight of 12,10u and does not 
contain histidine, methionine, or cysteine and probably tryptophan. 
When zIK/l RNA is translated in the cell—free system, Coat protein Is the 
aajor product and its synthesis is initiated almost immediately whereas 
synthesis of non—Coat protein shows a lag—phase. 	Measurement of protein 
synthesis In the phage—Infected cell shows that the phage-induced RNA 
polymerase is made early in infection whilst the main period of Coat 
protein synthesis is late in infection hen host protein synthesis shows a 
considerable reduction. 	The temporal order of translation of phage genes 
in the infected cell differs from that observed when phage RNA is trans- 
lated In vitro. 	These results are discu .,cd in relation to gene order In 
the phage genome, and to possible regulatory mechanisms involved in phage 
protein synthesis in vitro and in the infected cell. 
Part He 	single strands of DNA isolated from mouse and guinea pig 
DNA—satellites are effective primers of polypeptide synthesis in an E. col 
cell—free system in the presence of neomycin. 	Characterisation of the 
polypeptides made from each of these templates has revealed some unusual 
result.. 	Mouse satellite complementary single—strands produce a series 
of polypeptides ranging in molecular weight from 10 to 40,000; the poly—
peptides produced by each strand are the same in size and distribution. 
This is not the case for guinea pig satellite complementary single—strands 
Use other side if necessary. 
where the polypeptides produced from each strand show a different 
distribution. 	Guinea pig single-strand polypeptides show remarkable amin 
acid compositions: the H-strand product is composed mainly of leucine, 
isoleucine, valine and phenylalanine and the L-strand product mainly of 
leucine, isoleucine, valine, aerine, threonine and glycine. 	ouse single 
strand products have the same amino acid composition for each strand and 
contain all amino acids. 
These results are discussed in relation to the structure and base 
sequence of satellite strands. 	Comparison of the observed amino acid 
Compositions ith those calculated from the occurrence of nucleotide 
trimers in each strand, indicates that satellite DNA has a highly ordered 
base sequence. 	It appears that polypeptide synthesis may bC initiated at 
a limited number of sites on each strand and there is a possibility that 
only parts of each strand are translated in vitro. 	Satellite DNA may 
contain more than one repeating nucleotide sequence in each strand. 
